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Abstract  
Hydrothermal Carbonisation (HTC) could be a promising method for the complete 
treatment of human excreta as a community based, packaged process. In the work 
described here HTC was combined with anaerobic digestion (AD) following the 
separation of the liquid and solid fractions after the thermal treatment. The liquid fraction 
was shown to contain a high concentration of both dissolved and particulate organics. 
The main objective of this study was to evaluate the anaerobic digestion (AD) of this 
liquid by-product (wastewater) following HTC treatment of synthetic faeces and real 
sewage sludge. Methane production, to provide energy for the system, was compared 
with previous work on AD and theoretical gas yields.  
The results demonstrated that the HTC filtrate of sewage sludge and synthetic faeces as 
could be anaerobically digested, based on the standard AD performance indicators 
(Ripley’s ratio, COD conversion to gas), were satisfactory and stable (COD removal of 
59 % and 81%respectively). However, the biogas produced was low; below 
0.01L/Lreactor/day for the sludge thermally processed in the lab, and 0.03L/Lreactor/day 
as the average yield from the Cambi
®
 processed sludge. The synthetic faeces filtrate 
behaved differently, as its high COD concentration caused shock loads. Thus, dilution by 
recycling was used and proved a suitable method to overcome inhibitions, providing 
buffering and recycling of nutrients.10:1 recycling dilution resulted in the best AD 
performance, with average COD removal of 66%, biogas yield of 0.12 L/L reactor/d 
and Total Solids and Volatile Solids removal 81 and 88% respectively. 
Digestion of the whole fraction (representing the usual practices until now, CAMBI, 
Veolia), gave similar methane yield as the filtrate digestion, thus the extra COD entering 
with the whole fraction did not benefit the process with extra methane production. The 
type of filter used after HTC process seems also important for the AD following; 
COD concentration of the effluent using 60 μm increases 3 times compared to 10 
μm use. 
Focus was given to the influence of HTC reaction conditions (temperature and time) on 
liquid products characteristics and the following AD process. It was concluded that 
milder thermal conditions generated more gas. The data also shows that low AD 
hydraulic retention time (HRT), typical of high rate fixed biomass digesters can be used 
to treat the HTC filtrate. Halving the anaerobic digestion HRT to 0.9 days resulted in 1.8 
to 6.8 times greater biogas yield (0.31-0.86 L/Lreactor/day). Taking into consideration also 
the char production effectiveness a case was made for running the HTC at 180
o
C for 30 
min which also resulted in high biogas yield when the HRT was short (0.9 days). GC-MS 
analysis followed the observations of the AD experiments showing that HTC temperature 
but also residence time are crucial for the extent of HTC reactions occurring. The more 
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intensive the HTC conditions, the more complex and greater the extent of Maillard 
reactions. Standard biodegradability tests, respirometry and BOD, also supported 
previous work that HTC conditions at higher temperatures and durations reduced 
biodegradability.  
Levels of COD in the digester effluent were still high, indicating further treatment would 
be required if release into the environment or recycling is considered. The work 
described here evaluated the further COD reduction using adsorption. The hydrochar 
produced during the experiments of sewage sludge and synthetic faeces were compared 
to activated carbon. The alkali activation was essential in order to stabilise the 
performance and reach a satisfactory efficiency. Specifically, KOH activation increased 
the specific surface area for the sewage sludge char achieving COD removal of 75.2%, 
while the KOH- HCl treatment did not improve the performance further (76.4%) despite 
a measured increase in surface area. In contrast adsorption by the char produced from 
synthetic faeces was improved by HCl activation to COD removal of 79.3% compared 
to 59.6% when only KOH activation was applied. The highest adsorption capacity was 
reported for PAC (>90%).   
 
The nature of this adsorption reaction was presumed to be an anion sorption, highly 
dependent on the pH, with higher removal at low pH values, for all the materials except 
the PAC. A pseudo-second order kinetic model described the results satisfactorily. 
Regarding the effect of the adsorbent dose, the BET isotherms type II and IV modelled 
the results suggesting an initial monolayer followed by a multilayer adsorption. The 
PAC results on the other hand followed the Freundlich isotherm. However, further 
investigation on these reactions is required to improve the understanding of the kinetic 
and adsorption models and their consequent application improve implementation.  
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 1 Introduction 
1 Introduction 
1.1  Background 
Over the previous century, wastewater treatment has been extensively investigated and 
many methods have been created and implemented worldwide. A standard, universal 
process has developed based around the water closet (WC), which has some key 
benefits. These are the water trap or ‘U’ bend which ensures odourless use, whilst the 
water used to flush provides cleaning or sanitizing of the bowl and sufficient force to 
transport the waste out of the dwelling. This approach is very popular with users but 
there are now problems with replicating the WC in the developed and developing world. 
The main issue is that without some power assistance the self-cleaning volume is 4.5 
litres but most are designed with a 7.5 litres flush volume to ensure self-cleaning under 
most circumstances. Thus for the average family providing this volume of water requires 
both a water distribution and sewerage network. The large volumes of wastewater 
generated present hazards to health and require sewerage or a well-regulated emptying 
system for cesspit and septic tanks. In both cases a treatment system is needed to avoid 
pollution and provide water recovery. This is expensive in the developed world where 
urban buried infrastructure costs 1 million £/km. UK has more than 700,000 kilometres 
of mains and sewers (353,000km of sewer pipes; 396,000km of water pipes). Public 
infrastructure spending globally is expected to total $41 trillion from 2005 through 2030, 
with $23 trillion spent on water and sewer issues (waterintelligence.co.uk). 
In addition, the regulatory constraints on the disposal of sewage and water supply are 
increasing, due to the age of the systems in most developed countries, but also because 
of increasing demands to protect public health and the natural environment as new more 
pollutants emerge. Both operating and capital costs are increasing at a faster rate than 
general inflation. The daily wastewater production in the UK is 150L/head /day (Figure 
1.1) and annual average household bills are £395 (57% sewerage bill), (Water 
intelligence, OFWAT).  
 2 Introduction 
 
Figure 1.1: Breakdown of average PCC (per capita consumption) in England and Wales 
into various usages (adapted by OFWAT, 2007a) 
 
Looking at the wastewater treatment globally, the lack of sufficient sanitation is still an 
emerging problem as 2.4 billion people do not have access to adequate sanitation 
(WHO/UNICEF 2015), due to high operating costs. In the developing countries 90% of 
sewage is discharged untreated (Esrey 2000) resulting in serious reduction in life 
expectancy. 
Discharging sewage, rich in organic compounds, to the environment (wetlands, rivers or 
landfills), which is common practice in many countries, is followed by uncontrolled 
biodegradation mainly via anaerobic digestion, producing methane and nitrogen 
emissions. Methane (CH4) is the second most prevalent greenhouse gas. The 
comparative impact of CH4 on climate change is 25 times greater than CO2 over a 100-
year period (EPA, 2015). 
The sewage treatment methods applied in the developed countries represent successful 
solutions but are complex engineering with an energy demand of at least a 100 kWh 
/person /year that prevents their implementation in the undeveloped world. For example, 
the highly implemented activated sludge process requires extended infrastructure, hold 
up tanks, pumps, compressed air and safe solids disposal with their associated 
operational costs making that impossible for the developing countries, (Figure 1.2). 
Composting requires controlling of many parameters (pH, temperature, with a high risk 
of handling unsterile faeces that together with the long operational times needed make 
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that impractical (Magri et al., 2013). Incineration is also an expensive, technically 
difficult option with potential toxic by-products similarly for gasification and pyrolysis 
which would also require a pre step of complete drying making that a highly costly 
method. 
 
 
Figure 1.2: Biological wastewater treatment process overview 
 
Alternative treatments  
 
Human excrement is composed of 75% water and 25 % of solid substance with daily per 
person production of 135 to 270 g (Barbosa M. , 2013). The general analysis of sewage 
solids, typically recycled in agriculture, in the UK at least, is described in the Table 1.1. 
Carbon is the major element of sewage sludge, more than 50% and this makes it a 
potential source of energy.  
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Table 1.1: Composition of sewage sludge (Libra et al., 2011). 
 Sewage sludge 
Primary Digested 
Elemental 
analysis 
 (% , daf) 
Carbon 53.3 54.4 
Hydrogen 7.2 7.7 
Oxygen 32.0 29.0 
Nitrogen 5.3 5.6 
Sulfur 2.1 3.2 
Volatile fraction  (%, db) 60-80 30-60 
Ash (%, db) 25 37.5 
Moisture content (%, fresh weight) 90-95 88 
Particle size (mm) <5  
(82%<0.1mm) 
<1  
(61%<0.1mm) 
Energy content (MJ/kgdb) 23-29 9-14 
*daf- dry ash free,    *db- dry basis 
Biomass and especially waste therefore increasingly attracts research interest as a 
renewable resource (Goto et al. 2004; Mumme et al. 2011; Zhao et al. 2014). 
Regarding all the above, there is a strong demand for cost effective and environmentally 
acceptable alternative wastewater collection, treatment and recycling,  which is 
becoming more urgent due to the fast increase of global population and the stricter 
regulatory constraints for disposal. A holistic approach with ecological sanitation and 
product recovery as a focus that could also provide energy recovery from feedstock and 
material reuse has been promoted by the northern European countries. Solid conversion 
products, e.g. adsorbents or soil ameliorants, fertilizer recovery and water recycling can, 
and is already, being achieved in some countries. In this regard thermal treatment has the 
advantage of complete sterilization and accelerating degradation reaction rates. 
The work presented in this thesis examined Hydrothermal carbonization (HTC) which is 
a thermal process suitable for faecal biomass that could overcome some of the constrains 
and the difficulties mentioned above. First of all, it is suitable for converting wet 
biomass, (avoiding the expensive pre-dryings stage), using mild reaction temperatures 
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and generating a coal-like material commonly referred to as ‘hydrochar’. It is a quick 
process since it usually takes minutes-hours and its products (solids/liquid) are sterilized 
due to the high process temperature involved. It is also already commercialized for the 
treatment of sewage solids as the CAMBI
® 
process. A reported disadvantage of 
conventional dry reaction heating of biomass and waste is that there are strong thermal 
gradients around the heating element. It is these areas of higher temperature than the 
control value that the previous work on the thermal treatment of sludge has shown to 
produce recalcitrant by-products. Typically, these are from the well reported Maillard or 
browning reactions. Thermal treatment by HTC may be able to overcome these 
problems by the buffering action and inherent mixing from the high water content. This 
should lead to a more uniform reaction temperature. HTC will, on the other hand, still 
enable the moderate temperatures (150-200°C) necessary to achieve complete 
sterilization and the breakdown of some refractory types of biomass such as the ligno-
celluloses and synthetic persistent pollutants. The use of water as a solvent and reactant 
may therefore, also be more sustainable method of thermal treatment than pyrolysis or 
direct heating.  
However, the majority of studies into HTC have to date focused on the chemistry and 
mechanisms of the process in order to produce various commercial products for carbon 
sequestration when applied to land or as an energy source (Titirici et al. 2007; Funke et 
al. 2010; Libra et al. 2011). 
The research presented here was funded by an initiative from the Gates Foundation the 
‘Reinvent the toilet challenge’. The HTC system developed as part of this international 
effort was to convert faecal material to an aqueous solution and carbonized residual 
solids which were safe to handle and readily separated from the remaining liquid. It was 
intended that the final system design would be self-sufficient in terms of energy input 
and to scale to a number of users in the range a few tens to a thousand or more. The 
study of the hydrothermal carbonization (HTC) of wastewater was performed until now 
by the following researchers, Eric Danso-Boateng for a Chemical Engineering 
perspective and Julia Zakharova with Vincent Smedley from Civil Engineering. The 
next step for the development of the system was the management of the HTC products 
and the identification of the critical HTC reaction parameters for a feasible reuse or a 
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safe discharge to the environment for the products. A main concern is the level of COD 
which can possibly build up in the case of water recycle applied to the process. The 
liquid filtrate has been reported to contain a high COD concentration with organic 
compounds such as furans, phenols, acetic acid, thus further treatment is necessary. 
Anaerobic digestion would be the most sustainable choice for this waste water treatment, 
providing biogas to run the process and this is the main research topic of the work 
presented here.  
The CAMBI
®
 process, originating in Norway for paper pulp treatment, is the best 
implementation example (60 plants reported worldwide) for the thermal pretreatment to 
improve sludge digestion and energy yields. In the CAMBI
®
 processes both the solids 
and liquid are passed on to anaerobic digestion using the existing conventional stirred 
tank digestion technology, improving the sludge characteristics. In this project the 
proposed system treats the whole sewage rather than just the solids and was able to filter 
the residual solids from the liquid immediately after the thermal reactor. This was to 
enable different strategies to be applied to the solids and liquid fractions to take full 
advantage of the bioenergy and recovery potential for other materials. 
1.2 Research questions 
This research aims at remodelling of the existing sewerage system for processing human 
excreta to move to a holistic approach of ecological sanitation overcoming the high cost 
of infrastructure and maintenance that would enable it to be implemented in developed 
and developing countries. Thus, this thesis has investigated HTC as an alternative waste 
treatment process transforming waste into energy and by products making the whole 
process more sustainable. 
HTC is ideal for wet feedstocks and it can be used to provide simple sanitation without 
the need for extra water and infrastructure (pipeworks). The products are completely 
sterile which is especially important also for the direct implication of the solid to the soil 
as a conditioner or for carbon sequestration (hand application in developing countries). 
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1.3 Specific objectives 
HTC has been investigated extensively, mostly focusing on the value of the residual 
chars and lately many reports have proposed the use of sewage and faecal sludge as the 
feedstock. The objective of the work developed here, having taken into account the 
research gaps identified from the literature, was on liquid fraction, as the research on this 
was limited. This involved an understanding of the effect of HTC reactions on this 
product and consequently on the anaerobic digestion process. In addition, an important 
objective was to justify the sustainability of the proposed method regarding the energy 
yield and the suitability of the final effluent for application to the soil or recycling back 
to the system.   
Specifically, the objectives are to: 
 Investigate the anaerobic digestability of the liquid fraction following thermal 
carbonization. Although the thermal hydrolysis of sewage sludge has been 
successfully commercially applied to improve dewatering and gas yields prior to 
existing AD, the separation of the products and combined HTC-AD methods has 
only recently started to be investigated. Thus, there is a great need for further 
experimental work to establish whether this is a feasible method, to establish the 
energy recovery provided and to gain deeper knowledge of the technology so it 
can be applied in a commercial scale. Anaerobic digestion will be applied using 
the HTC filtrate as feedstock evaluating the performance based on important 
indicators such as Ripley’s ratio, COD removal and biogas production. 
 Determine the effect of HTC operating conditions on liquid product 
characteristics. There are reports in literature, as noted in the Introduction 
suggesting that the more extensive thermal treatment enhances the carbonisation. 
However, the systematic research on the changes on liquid product 
characteristics depending on HTC reactions conditions is limited. Thus, more 
emphasis on the reaction condition effect on filtrate product is essential. This will 
be achieved conducting HTC experiments on various temperatures (140-200°C) 
and reaction time (30-240 min). 
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 Identify known recalcitrant components from the thermal treated of biomass. At 
high temperatures and long retention times, Maillard products such as aldehydes, 
furans, pyrroles, pyrazines, pyridines and other persistent colored soluble organic 
compounds are present in the wastewater. Following the previous objective, 
more precise knowledge on the effect of HTC condition not only on the 
analytical characteristic of filtrate but also with GC-MS analysis 
enlightening more the production of specific compounds at different 
process conditions, so helping understating more the mechanisms. 
 Determine the effect of HTC operating conditions on AD performance. Studies 
on the anaerobic digestion of the liquid products following the HTC of sewage 
sludge for biogas production are limited. Estimations of theoretical methane 
yields using COD and TOC concentrations of the liquid product exist, but 
experimental work is needed to prove the findings. Although there is a report on 
digestion conditions effect. Specifically, the effect of HTC temperature and 
reaction time on AD performance and methane yields is not yet investigated.That 
will play an important role in order to optimise the combined HTC-AD process 
and obtain information towards devising an energy efficient commercial 
application. 
 Investigate the effects on AD of HTC treated real sludge and synthetic faeces. As 
the feedstock plays a really important role in HTC and taking into consideration 
the inconsistency of the sewage sludge of a real system there is a need for 
experimental results using both materials. 
 Investigation of the optimal solutions for recycling all the HTC products.  
 As the environmental sustainability of the final process is of primary objective 
the effluent characteristics of the AD process are analysed and possible solutions 
for disposal, recycling back to the system or further treatment using solid fraction 
as adsorbent is investigated. 
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1.4 Thesis structure   
The thesis consists of seven chapters. The initial chapter (Chapter 1) introduces the 
subject and the purpose of this study providing the background and the problem 
statement which initiated this research.  
Chapter 2 firstly reviews the fundamental principles of hydrothermal carbonisation 
(HTC), considering the important features of the technology, such as process conditions, 
chemistry and reaction mechanisms, and influence of process parameters on process and 
product characteristics as well as the different application of the solid product. The HTC 
applied to sewage sludge is also reviewed as a method to improve its characteristics and 
to enhance anaerobic digestion. Finally, the characteristics of the wastewater of sewage 
sludge and the reports on the digestion of this fraction are examined.  
Chapter 3 describes the experimental methodology followed and standard methods used. 
It explains the materials and the equipment used for the experiments. 
Chapter 4 investigates the anaerobic treatability of the hydrothermal carbonisation 
(HTC) liquid stream using a fixed-film anaerobic digester. Two kinds of filtrates were 
used; one produced after treatment of sewage sludge at 160-180°C for 6 hours and the 
other one after processing of synthetic faeces at 200°C for 30 minutes. Analytical 
characteristics of the liquors were reported, examining how filtration influenced effluent 
characteristics. The analysis was initially focused to the AD (anaerobic digestion) 
performance characteristics such as Ripley’s ratio, pH, biogas production and organic 
compound removal. As the process filtrate from the synthetic faeces were very high 
COD >30 g/L affecting the AD stability and performance a method to overcome this 
was investigated.  
Chapter 5 This chapter studies the effect of different HTC temperatures and retention 
times (140–200°C for 30–240 minutes) on liquid filtrate characteristics and AD process. 
It is focused on biogas production in order to reduce the energy input of the overall HTC 
process to improve sustainability. In addition, GC-MS analysis was used to follow the 
impact of temperature on known recalcitrants from the browning reactions. 
Chapter 6: Focuses on the sustainability of the process, the necessity of further COD 
removal of the wastewater after AD treatment was clear following the results from the 
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previous experimental chapters. Thus, chapter 6 investigates the idea of using the 
hydrochars produced as adsorbents. The effectiveness of real sludge and synthetic faeces 
hydrochars for organic compounds reduction was studied in comparison also with 
carbonised natural materials and activated carbon. In addition the type of reactions, the 
standard kinetics and the isotherm parameters of adsorption was reported. 
Chapter 7: as final chapter summarises the results of the research conducted. Further 
steps are suggested as follow up of this study or studies relative to anaerobic digestion of 
hydrothermally treated filtrates and the use of hydrochars from sewage sludge and 
faeces as adsorbents. 
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2 Literature review 
2.1 Overview 
This chapter reviews the literature and uderlying principles of hydrothermal 
carbonisation (HTC). It includes aspects of the technology, such as process conditions, 
chemistry and reaction mechanisms. The review indentifies the process parameters that 
are a strong influence on  product characteristics and consequently the different 
applications of the solid product. The application of HTC for sewage sludge treatment is 
also reviewed where its principal application has been to improve its characteristics and 
enhance anaerobic digestion (AD). Finally, the characteristics of the wastewater of HTC 
treated sewage sludge and the reports on the digestion of this fraction are examined.  
2.2 The HTC process 
Hydrothermal carbonization (HTC), also known as subcritical water or hot compressed 
water carbonization, is a wet thermochemical process for converting biomass at 
moderate temperatures and under saturated pressure (Saetea & Tippayawong, 2013). It 
has been known since the beginning of the previous century, as a process to imitate 
natural coalification first introduced by Bergius (1913) using cellulose. Berl and 
Schmidt (1932) continued this research for other biomass sources. However, in recent 
years, due to the emphasis on renewable biomass resources, HTC has been 
reinvestigated as a method for the generation of chemical feedstock. The focus of this 
research has been on using biomass to produce liquid biofuels to reduce energy inputs 
and environmental impacts of traditional fossil fuels. There has also been research to 
create novel micro and nano-based materials (Hu et al., 2010). Little attention has 
received for its potential to be a sustainable waste management technique (Berge et al. 
2011; Saetea & Tippayawong 2013; Funke et al. 2010). HTC is energetically more 
advantageous than dry carbonization (e.g. pyrolysis) for many wet biomass feedstocks, 
such as agricultural residues, municipal sludge etc., that contain large amounts of water 
(Berge et al. 2011; Titirici et al. 2007; Peterson et al. 2008; Sevilla & Fuertes 2011; 
Funke et al. 2010; Libra et al. 2011). Thus, it could have a wide range of uses as it 
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widens the field of potentially usable feedstocks (Saetea & Tippayawong 2013; Libra et 
al. 2011). Previous studies of HTC process indicates that a significant fraction of carbon 
remains within the char (hydrochar) contributing to CO2 mitigation. Therefore, HTC 
could be a sustainable method for treating/stabilizing waste streams while minimizing 
greenhouse gas production and producing residual materials with intrinsic value (Titirici 
et al. 2007; Berge et al. 2011). 
Water plays a crucial role in HTC. As temperature increases significant changes in the 
physical and chemical properties of water occur, acting as an organic solvent. Thus, 
saturation concentrations of dissolved organic and inorganic components increase 
greatly and ionic reactions are promoted thus enhancing hydrolysis. As hydrolysis has a 
lower activation energy than many reactions based on dry thermochemical biomass 
conversion, the lower temperatures employed in HTC processes have the same 
conversion efficiency as non- aqueous processes at higher temperatures (Berge et al. 
2011). 
Furthermore, because of these physical solvation properties of water in HTC, efficient 
separations of product and by-product streams can be promoted by the selective 
dissolution of the ionic fractions. This can reduce the energy consumption required to 
purify products. For example, when the feedstock contains inorganics such as sulphates, 
nitrates, and phosphates, hydrothermal methods will dissolve these and can promote 
recovery and recycling via their ionic forms (thus enabling their use as fertilizers). An 
additional advantage of hydrothermal processing is that product streams are completely 
sterilized with respect to any possible pathogens including protozoans, bacteria ndor 
viruses, it may also be effective for the disruption of biotoxins (Peterson et al. 2008). 
Reaction temperature has therefore been shown to be an important parameter for HTC 
but some differences in the literature were found concerning the definition of the HTC 
temperature range. Libra et al., (2011) as well as Funke et al. (2010) in their review 
recorded T between 180-220 C, but in other reviews temperatures of up to 280C are 
reported (Reza et al. 2014). Hydrothermal processing can be categorized into three 
reaction zones: liquefaction, catalytic gasification, and high-temperature gasification, 
depending on the processing temperature and pressure as shown in Figure 2.1: 
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Figure 2.1 : Hydrothermal processing regions referenced to the pressure– temperature 
phase diagram of water (Peterson et al., 2008). 
 
2.2.1 Reactions mechanisms of feedstock decomposition in HTC process 
 Biomass degradation occurring under hydrothermal conditions has mainly been studied 
for single organic substances, such as cellulose, lignin and hemicellulose (Bobleter 
1994; M. Sevilla & Fuertes 2009). In Figure 2.2 the chemical route for cellulose 
degradation during HTC treatment is presented as an example. Van krevelen, 1950 first 
suggested the governing reactions and presented the H:C versus O:C diagram know by 
his name. However, many of the chemical pathways, the kinetics, and interactions 
between most other components of biomass during HTC are complex and largely 
uncharacterized (Peterson et al., 2008). 
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Figure 2.2 :  Mechanism of formation of hydrochar particles from cellulose by 
hydrothermal carbonization, ( Sevilla and Fuertes, 2009). 
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Despite the complexity and uncertainty of the hydrothermal reactions the basic reaction 
steps agreed for lignocellulosic biomass, are highlighted in Figure 2.2 for cellulose 
decomposition, and are detailed in the following section: 
Hydrolysis:  
Hydrolysis involves reactions that lead to the cleavage of mainly ester and ether bonds 
in the biomacromolecules by addition of 1 mole of water. Hydrolysis of cellulose during 
HTC results in a mixture of oligomers and glucose (Garrote et al. 1999; Sasaki et al. 
2003; Ogihara et al. 2005).The hydrolysis is catalysed by hydronium (H3O
+
) ions. The 
initial products decompose further to produce a wide range of (oligo-) saccharides and 
organic acids such as acetic, lactic, propionic and formic levulinic and formic acids 
(Antal et al., 1990; Bobleter, 1994).These compounds react further to form dehydrated 
rings as shown in Figure 2.2, including: furans, 5-(hydroxymethyl) furfural (HMF) 
(Kabyemela et al., 1999; Sasaki et al., 1998; Luijkx et al., 1995; Asghari & Yoshida, 
2006). The type of biomass and the reactions conditions of HTC influence the hydrolysis 
rate and compounds formed. 
Dehydration:  
During HTC, dehydration by both chemical reactions and by physical processes occurs. 
Physical dehydration removes bound water from the biomass matrix without changing 
its chemical constitution. Chemical dehydration lowers the molecular (H/C) and (O/C) 
ratios. The dehydration mechanism is generally chemically dependent on the elimination 
of hydroxyl groups. Glucose is dehydrated to HMF or 1,6–anhydro glucose during 
hydrothermal degradation (Kabyemela et al., 1999).The reaction is exothermic and the 
resulting dehydrated organic molecules recombine to different carbon compounds 
(Titirici et al., 2007). 
Decarboxylation:  
Hydrothermal treatment causes a partial elimination of carboxyl groups (Lau et al., 
1987; Schafer, 1972; Blazsó et al., 1986). Detailed reaction mechanisms of 
decarboxylation are largely unknown but have been shown to differ according to the 
original water content. Carboxyl and carbonyl groups rapidly degrade above 150°C, 
yielding CO2 and CO, respectively.  
Examples of decarboxylation of typical biomass (glucose, cellulose and starch) have 
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been reported from (Sevilla and Fuertes, 2009a; Marta Sevilla and Fuertes, 2009b), who 
corroborated that these reactions are taking place after dehydration. Some studies 
suggested that when lower temperatures are applied dehydration occurred without 
significant decarboxylation (Titirici et al., 2007), whereas it is also reported that biomass 
carbonization (or carbon enrichment) may not occur without prior decarboxylation 
(Funke et al., 2010). 
Berge et al., (2011) in their study of anaerobic digested waste under HTC (250°C, 20hrs) 
suggested that it was directed by the decarboxylation process. 
Some HTC researchers have concluded that more CO2 is being formed than can be 
explained by elimination of carboxyl groups. Therefore, other mechanisms must be also 
involved. Some suggestions are that condensation reactions (Schafer, 1972), or 
decomposition of formic acid can contribute to extra CO2 production. (McCollom et al., 
1999; Yu & Savage, 1998). 
Polymerization-condensation:  
Some of the fragments from hydrothermal degradation of biomolecules are highly 
reactive and as noted this depends on feedstock and HTC conditions. Unsaturated 
compounds which polymerize easily are created by dehydration due to the elimination of 
carboxyl and hydroxyl groups (Peterson et al., 2008). Intermolecular dehydration or 
aldol condensation are suggested as mechanisms leading to the formation of soluble 
polymers of acid/aldehydes and phenols, (Bacon & Tang, 1964). 
HTC-carbonisation products are mainly from condensation and polymerization reactions 
(Funke et al., 2013; Kruse & Gawlik, 2003). It is these polymers and ring structures, 
discussed next that reduce biodegradability. 
Aromatization:  
Aromatisation of soluble polymers occurs when aromatic clusters in aqueous solution 
reach the critical super-saturation point and then precipitate as carbon-rich microspheres 
(Sevilla and Fuertes, 2009a).  
Alkaline conditions appear to enhance the formation of aromatic structures although 
reaction temperature and the duration of treatment, also increase aromatization 
(Sugimoto and Miki, 1997; Falco et al., 2011). Experiments on hydrothermal dewatering 
of lignite and peat reported aromatization above 270°C (Funke et al., 2010)  and that 
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these reactions result in classical browning and are poorly degradable compounds. 
Some estimates of the stoichiometry of the hydrothermal degradation reactions for 
biomass have been suggested and shown below: 
Table 2.1 : Possible reactions of biomass under HTC conditions. 
Feedstock Reaction Reference 
Carbohydrates C6H12O6  C6H2O+ 5H2O (Ramke et al. 2009a) 
Cellulose C6H10O5  C5.25H4O0.5 + 0.75CO2 + 3H2O (Berge et al. 2011) 
Paper CH1.7ON0.001s0.0002  0.46 CH0.96O0.168N0.001S0.0003 + 
0.54CH2.3O1.71N0.0009S0.0001+5.5*10
-6
CO2   
(Berge et al. 2011) 
Food CH1.63O0.72N0.064S0.002  0.70CH1.03O0.11N0.06S0.001 
+ 0.30 CH3O2.11N0.075S0.0036+5.14*10
-6
CO2 , 
(Berge et al. 2011) 
Mixed MSW 
(municipal 
solid waste) 
CH1.6O1.02N0.017S0.0007  0.74CH0.97O0.32N0.016S0.0006 
+0.26CH3.4O3.06N0.019S0.0009+6.6*10
-6
CO2 
(Berge et al. 2011) 
AD sewage 
sludge 
CH1.77O0.47B0.14S0.01  0.40CH1.67O0.21N0.063S0.01 
+0.60CH1.8O0.64N0.2S0.011+6.50*10
-6
CO2 
(Berge et al. 2011) 
 
2.2.2  Energetics 
HTC of biomass can be exothermic, the amount of heat released depends on the 
feedstock used and the reaction conditions, mainly temperature and residence time. An 
estimate of the heat of reaction for each process can be made from the following 
stoichiometric equations for example cellulose (the most common biomass component): 
C6H10O5C5.25H4O0.5 + 0.75CO2 + 3H2O 
Higher Heating Value (HHV) of feed:       17.6MJ/kg 
Heat of reaction:      -1.6MJ/kg cellulose 
HHV of solid product:      -16.0MJ/kg cellulose 
This heat produced during the HTC reaction is small but will be retained by the hot 
process water. However, it is important to keep in mind that complex reaction 
 18 Literature review 
mechanisms are involved in the processes and highly dependent on reaction conditions; 
for example, although the overall reaction is exothermic, the initial phase of HTC 
(hydrolysis) is endothermic. As a consequence, a mild HTC treatment would be slightly 
endothermic, (Libra et al., 2011). 
 
Table 2.2: Reported heating values of (feedstock and hydrochar product) and heat of the 
reaction (Berge et al., 2011). 
 
Feedstock 
HHV 
Initial feedstock 
(MJ/kg db) 
HHV 
Hydrochar 
(MJ/kg db) 
Heat of reaction 
Paper 14.0 23.9 -0.68 
Food 18.1 29.1 -1.19 
Mixed MSW 16.5 20.0 -2.62 
AD waste 15.5 13.7 -0.75 
*Values were determined based on feedstock and char measured HHV and combustion 
reactions. The composition of dissolved organics found in the liquid was determined 
using mass balances. 
 
2.2.3 Effect of HTC reaction conditions on biomass 
The operating parameters of HTC process influence the chemical reactions taking place, 
and therefore the resulting products. These parameters include reaction temperature, 
residence time, pressure, pH and the use of catalyst. Finally, the amount of water present 
affects the HTC reactions and the product distribution. 
2.2.3.1Temperature 
The influence of temperature on the HTC process is the most investigated parameter 
mainly regarding its effect on the solids produced and it is suggested as the most 
influential factor (Landais et al., 1994; Funke et al., 2010; Yan et al., 2010; Reza et al., 
2015; Mumme et al., 2011). Overall greater conversion of biomass is induced by higher 
temperatures. 
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There has been general agreement in the literature that as temperature increases the solid 
yield decreases, whilst the liquid and gaseous products yields increase.  Liu et al., 
(2013b) and Sun et al., (2014) reported high rates of solid products at temperatures 
below 200 °C. Temperatures in the range 200–250 °C caused the solid product to 
decrease; whilst temperatures > 280 °C reduce more gradually the solid content.  
In addition, the temperature affects also the physical and chemical characteristics of the 
char. The carbon content of solids increases with temperature and follows an almost 
linear relationship (Heilmann et al., 2010; Mumme et al. 2011). These observation were 
also reported during the carbonization of primary sewage sludge by Danso-Boateng et 
al., 2013), shown in Figure 2.3. The hydrogen and the oxygen content decrease as 
temperature increases (Jamari & Howse, 2012). The fraction of carbon present in the 
liquid and gas phase increases as it decreases in the solid phase during the HTC of 
sewage sludge. This corroborates previous work on other types of biomass. The 
distribution of carbon content in the products after carbonisation of primary sewage 
sludge (PSS) is described in Figure 2.4. 
 
Figure 2.3 :  Distribution of carbon in products after HTC of primary sewage sludge at 
various temperatures (4hrs retention time), (Danso-Boateng et al., 2013). 
 
It is expected that at higher temperatures, gas evolution via decarboxylation and/or 
volatilization of organics is increased. Falco et al., 2011; Perez Caballero, et al., 2011 
 20 Literature review 
showed that at temperatures below 200°C, feedstock hydrolysis followed by char 
production is the predominant carbonization pathway, while at temperatures above 
200°C, solid-state reactions predominate. It was reported that the higher temperatures 
induce aromatization of the carbon content of biomass. Furthermore, Falco et al., (2011) 
noted that the mechanisms during aromatization, was due to the cross linking re-
arrangements leading to fewer reactive sites in the hydrochar. Lower temperature HTC 
decomposition led to a more uniform, organized hydrochar structure. Hence, it was 
concluded that temperature had a vital role in the formation and properties of the 
hydrochar. 
 
 
Figure 2.4 : Characteristics of PSS hydrochar at different temperatures with 4 h 
retention time: (a) temperature effect on energy values and carbon contents; (b) relating 
calorific values with carbon content. a.d. = as determined. ( Danso-Boateng et al., 2013) 
2.2.3.2 Reaction time  
HTC residence times from previously published studies have varied from minutes to 
hours and more rarely to days and affects as well the product characteristics Landais et 
al, 1994).It is reported to influence the hydrolysis of the biomass but only up to a point 
in time beyond which the increase of time has almost zero effect. Specifically, Lu et al., 
(2013) reported that the carbon distribution regarding the HTC retention time occurs in 
distinct two rates/trends. In the range 0 up to 4-6 hrs they observed a rapid decline of the 
carbon in the solid phase, connected to the enhanced feedstock solubilisation. This 
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decrease in solid carbon was followed by a corresponding increase in liquid and gas 
phase carbon. Above 8hrs reaction time a second distinct period was observed, 
characterised by low rates and less change in the carbon distribution. Under supercritical 
conditions, the hydrolysis rate and degradation of biomass rate are relatively fast (Sasaki 
et al. 2003). Hence, a comparatively smaller time duration is required to decompose 
biomass effectively. Long reaction time has been reported to increase bio-oil production 
except in the case of biomass high in water content Boocock & Sherman , 1985) but as 
Yan et al., (2015) reported, this increase is slight. During HTC process, the higher the 
reaction time, the greater the formation of defined structure porosity, pore volume and 
high BET surface area and vice versa. 
These observations, however, may vary depending upon the temperature applied. For 
temperatures below 200°C the char production is prevalent through hydrolysis, whereas 
at higher temperatures the reactions taking place in the solid-phase are dominant. The 
hydrochars produced at temperatures above 200°C and long reaction times have arene-
rich structure from either condensed PAH structures or three-membered furanic units 
(Falco et al., 2011). 
The reaction time also affects the yield of each fraction, as it is observed that longer 
reaction times result in greater solid yield (Nizamuddin et al., 2017; Sevilla & Fuertes, 
2009). However, other reports concluded that the solid yield decreases with increase in 
the reaction time, or that the effect of HTC retention time is not significant (Heilmann et 
al. 2010).These opposing conclusions suggest that further investigation on the effect of 
HTC residence time is needed. 
2.2.3.3 Feedstock  
Biomass is different in structure and composition but the major biomass components are 
cellulose, hemicellulose and lignin and these react differently as the temperature is 
increased. The hydrolysis of these components has been reported in detail, hemicellulose 
hydrolyses at around 180°C, lignin at around 200°C and cellulose above 220°C 
Bobleter, (1994). Zhong & Wei, (2004) studied the effects of the lignin content in 
biomass. They observed that increases in lignin content resulted in decreased bio-oil and 
increased biochar production, other authors have published similar findings (Karagoz et 
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al., 2005; Gani and Naruse, 2007). The composition of lignin and cellulose content in 
the precursor materials play a significant role in the porosity and pore size distribution of 
the hydrochar. 
The HHV of the hydrochars produced depends on the biomass as well as the solid yield 
as reviewed by Nizamuddin et al., (2017) and shown in Figure 2.5. 
 
Figure 2.5 :  Effect of temperature on solid yield during HTC of various biomass feed 
types (Nizamuddin et al., 2017). 
 
In conclusion the progress of the HTC reactions depends on the biomass composition as 
well as temperature and duration. 
 
2.2.3.4 Pressure  
The pressure applied during HTC process is self-generated, so increases autogenously. 
Typically, it has been observed to have little influence on HTC and natural coalification 
(Wright, 1980; Landais et al., 1994; Crelling et al., 2006). However, degradation of 
biomass is influenced by pressure as, if it is above the critical point specific reaction 
routes are favoured resulting in valuable products. The pressure in the reactor can be 
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raised either by raising the temperature directly or by adding gases such as nitrogen. 
Dehydration and decarboxylation reactions have reported to be slowed by higher 
pressures but hydrochar formation enhanced (Funke et al., 2010). In supercritical 
conditions, though, the effect of pressure on the liquid and gas yield is negligible.  
2.2.3.5 Catalyst 
Most of the reports on influencing reaction rates have focused on pH, because it is easy 
to do and its influence on hydrolysis and dehydration reactions are well known. 
Generally acid conditions catalyse hydrolysis, and basic conditions reduces char 
formation resulting in greater liquid carbon yields (Wang et al., 2012). Specific pH 
effects are reported for the decomposition of cellulose and glucose (Bobleter, 1994; 
Xiang et al., 2004). Usually the natural pH during HTC is acidic due to the formation of 
organic acids such as acetic, formic , lactic and levulinic acids which are intermediates 
or by-products (Bobleter, 1994; Berge et al., 2011; Yan et al., 2010).  
Lynam et al. (2015), carried out experiments with organic acid additions. Acetic acid 
additions increased HHV at 0.4g per gram of lignocellulosic biomass (loblolly pine); 
with the extra addition of 1g of LiCl, a 30% increase in HHV and greater mass reduction 
was achieved compared with pretreatment with no additives. Basic catalysts have also 
been tested particularly on the lignin content of biomass. Examples include sodium 
hydroxide (NaOH), potassium hydroxide (KOH), sodium (Na2CO3) and potassium 
carbonate (K2CO3). Karagoz et al. (2005) reported experiments with pine wood 
carbonisation using RbOH and CsOH, which resulted in increased liquid carbon and 
reduced solids yield. Similar  observations were made when  K2CO3 (base) was added to 
sawdust (Karagoz et al., 2006). 
2.2.4 Solid product 
The solid contents after carbonization can be easily separated from the liquid and is 
called ―hydrochar’’. Hydrochar production has been reported from sewage sludge 
(Xiaowei L. and R.V. Flora,2013) but also from faecal solids which was the 
concentrated sludge from the septic tanks, pit latrines cesspools , or vacuum toilets 
(Fakkaew et al., 2015). Hydrochar has been used as a solid fuel, soil ameliorant , carbon 
storage and as adsorbent in water purification (Koottatep et al., 2017; Chung et al., 
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2015) and as carbon-rich nano material with several uses as for example a support media 
for anaerobic biofilms (Reza et al., 2013; Paulke et al., 2014) . 
2.2.4.1 Hydrochar as fuel 
The need for more sustainable energy sources has led to extensive research on biomass 
in its various forms as renewable energy source. The use of organic wastes could 
potentially reduce the net carbon emissions to zero and reduce the environmental impact 
of thermal energy processes.  A disadvantage however is the low energy density of 
biomass and  thermal processes, including HTC, are suggested as simple, low cost and 
effective methods to increase the carbon content and HHV of the biomass (Garrote et al., 
1999; Azadi et al., 2009; Bonn et al., 1983).  
The literature on hydrothermal carbonisation has concluded that waste biomass can be 
upgraded to fuel quality, producing chars similar to those of lignite-natural coal (Libra et 
al., 2011; Liu et al., 2013). Deoxygenation and dehydration reactions cause biochars to 
have high hydrophobicity and increased carbon content compared to the raw feedstocks.  
Char has therefore been suggested as a substitute for coal (Román et al., 2012). 
Different biomass wastes as microalgae, cellulose, municipal solid waste, agricultural 
residues etc. have been tested for its properties after HTC treatment and useful fuels 
were obtained. HTC has been successful commercially to improve the anaerobic 
digestion of sewage sludge and municipal wastewater sludge. Conventional anaerobic 
digestion still leaves a large amount of poorly biodegradable carbon in the residue or 
digestate. Calculations showed that  HTC increased net  energy output  (Berge et al., 
2011; Yan et al., 2015; Parshetti et al., 2013; Kim et al., 2014) while reduced overall 
CO2 emissions. Kim et al., (2014), investigated the direct hydrothermal conversion of 
sewage sludge, reporting that dewaterability and fuel properties were improved resulting 
in a hydrochar with a similar HHV to coal. They reported a decrease in solid yield with 
temperature with an increase in energy densification (Figure 2.6) , 220°C was suggested 
as the optimum temperature. In conclusion, HTC is a potential technology to improve 
the sustainability of the treatment of sewage sludge and other wet organic wastes by 
providing a cleaner alternative solid fuel (Kim et al., 2014). 
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Figure 2.6 : Effects of HTC temperature on the product yield, energy densification, and 
ERE (Kim et al., 2014). 
 
2.2.4.2 Hydrochar in land application 
Soil is an important natural carbon sink and it is reported that char can increase the 
sequestration of carbon in the soil because of its low natural turnover and its stability in 
soil. Therefore, HTC is a potential method of removing CO2 at a large scale from the 
atmosphere. Hydrochar application for soil amendment is a topic of recent exploration 
and this may be considered regarding its stability in soils, its carbon sequestration, its 
influence on soil fertility and crop yields and the GHG emissions from soils after its 
application.   
The land application of char is suggested to affect soil conditions as better aeration is 
achieved, reducing the anaerobic conditions leading possibly to greater carbon stability. 
This effect was suggested also to be the reason of low NO2 emissions reported after char 
application. Libra et al. (2011), also suggested that the CH4 sink activity will be 
increased. Titirici et al. (2007), proposed that except of a method for carbon storage 
from the atmosphere hydrochar can be used as a soil fertilizer. Garlapalli et al. (2016), 
reported that the char after HTC from the digestate can be used for soil amendment 
following pyrolysis. They observed that pyro-HTC chars were slightly basic (pH) with 
an increased carbon and lower PAH content compared to simple hydrochar and 
pyrochar. 
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The limits for some persistent substances in soil would need to be considered. To date, 
there are no regulations in the EU or US specified for the land application of char, so the 
regulations for biosolids, compost and fertilizer could be used. For land application of 
biosolids pathogen limits and residual easily biodegradable carbon are specified because 
of the potential for vector attraction and odour. Limits also exist for other potential 
hazards including soluble salt concentrations, pH, particle size, heavy metal 
concentrations, plastics, PCBs and other persistent organics. 
2.2.4.3 HTC – derived adsorbents 
HTC has recently been reported as a method for producing biochar–adsorbents for 
pollutant removal from wastewater or drinking water (Liu et al., 2010; Regmi et al., 
2012; Zhang et al., 2013). The advantage of its being a wet process, enables a range of 
feedstocks to be used, and the lower temperatures applied (compared to pyrolysis) 
makes the process more attractive for adsorbent products (Malghani et al., 2013). The 
irregular surface and the high content in oxygen-containing groups developed after 
hydrothermal treatment, are significant for adsorption applications (Liu et al., 2010). 
Chars produced from hydrothermal carbonization are reported to be of lower pH, Fuertes 
et al., 2010; which can be justified due to the presence of more acid functional groups 
such as carboxyl and phenols (Xu et al., 2013). Reaction temperature plays an important 
role  in influencing the char product as higher temperature increase the carbon content, 
decreasing the solid yield but also decreasing the ion exchange capacity , the oxygen 
containing functional groups, the volatile matter yield, and the surface area  (Mumme et 
al., 2011; Kang et al., 2012). Fang et al. in their study (using peanut hull and hickory as 
feedstock), concluded that lower HTC reaction temperature resulted in higher adsorption 
of methylene blue and lead.  
Biochars and hydrochars produced from activated sludge specifically have been reported 
as well as highly efficient adsorbents for dye removal in wastewater (Crini, 2006), heavy 
metals removal (Inyang et al., 2012; Lu et al., 2012; Chung et al., 2015; Koottatep et al. , 
2017), pathogen removal (Chung et al., 2015). 
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2.3 Hydrothermal carbonization of sewage sludge 
2.3.1 Role of Water during HTC 
Water plays a crucial role in HTC, and the amount of water contained in the biomass 
feedstock influences the product characteristics and their distribution. Under HTC 
conditions there is a strong decrease of the dielectric constant of water, with an increase 
in its self-diffusion coefficient; therefore, the water behaves as a polar solvent with 
some organic properties under these conditions. As temperature increases important 
changes in the physical and chemical characteristic of water occur, the saturation 
concentrations of dissolved organic and inorganic components increase greatly and 
ionic reactions are promoted enhancing hydrolysis. Accordingly, the solubilization 
level of the sludge is reported to increase with temperature rise (>> 150°C). Figure 2.7 
shows the increase in solubilization in lower temperatures 70-90° C where the major 
increases in COD are linked to carbohydrates and this is obvious even though the 
temperature differentiation is small. However, all organic compounds do not react the 
same way. At lower temperatures <130°C, the reactions occurred involved 
exopolymers so mostly the carbohydrates are solubilized and only a few 
proteins. At higher temperatures >130°C the lysis of the cells occurred so that 
proteins become available, hence easily solubilized. Accordingly, the solubilization 
of the sewage sludge was reported to increase sharply with temperature, particularly 
above 150°C. Carbohydrates, on the other hand, at these higher temperatures, are 
already reduced to lower molecular weight compounds and react forming other 
compounds, often Amadori, causing colouring of the heat-treated products. Thus, 
the concurrent formation of refractory COD is reported at higher temperatures, mainly 
through Maillard reactions, reducing digestibility.  
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Figure 2.7 :  Solubilisation of sewage sludge after thermal pre-treatment in T of 70-
90°C (Berge et al., 2011). 
2.3.2 Thermal pre-treatment to improve anaerobic digestion 
Anaerobic digestion is the most common technique for the treatment of sludge 
before final disposal and it is employed worldwide as the oldest and most important 
process for sludge stabilisation (Metcalf and Eddy, 1991). The microbiology of 
anaerobic digestion is complicated involving several bacterial groups. However, four 
major steps can be distinguished: hydrolysis, acidogenesis, acetogenesis and 
methanogenesis (Pavlostathis & Gomez, 2009). This is summarized in  Figure 2.8 
showing the general degradation of organic compounds during anaerobic digestion 
through these steps. Methanogenesis is be the rate-limiting step for soluble 
feedstocks; however, hydrolysis or solubilisation is the rate-limiting step during the 
anaerobic digestion of wastewaters rich in organic solids, in primary and/ or 
secondary sludge (Li & Noike 1992). Thermal treatment (100 – 275 °C) therefore, as 
noted,  would increase the disintegration and solubilisation of sludge solids (Müller, 
2001) and it has been established as an AD pretreatment method that accelerates 
hydrolysis. Thermal treatment, including hydrolysis (HT) is able to lyse the sludge 
cells and denature fibre, thus improving the AD process (Li -. & Noike, 1992). 
Hence, HT of sewage sludge has been promoted and implemented on a commercial 
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scale, initially as a method to improve dewaterability (Neyens & Baeyens, 2003; 
Haug et al., 1978) and additionally as a pre-step in anaerobic digestion (AD) that 
enhances biogas production (Carrère et al., 2010). 
Complex substrates are degraded through the afore-mentioned routes and smaller 
organic molecules that generate methane and carbon dioxide, as shown in Figure 
2.8. The composition and the biodegradability of the substrate used in AD define 
the composition of the biogas produced. Reactor design, flow sheet and retention 
time are also important (Braun, 2007). There are no limitations on biomass 
substrates for biogas production, except that strongly lignified organic substances 
are only slowly anaerobically decomposed. The reactions routes to methane 
production for some specific compounds are reported (Figure 2.9).  
Methane production during anaerobic digestion is directly related to the quantity 
of the COD removed. For a typical anaerobic digester the organic solids 
conversion or removal efficiency is around 50%. The values of the methane 
production and its energy content can be calculated: 
-Methane gas has an energy content of 35,846 kJ/ m
3
(55,525 kJ/kg) (at STP) 
(CRC Handbook of Chemistry and Physics , 1996). 
-Stoichiometrically, 1kg of biodegradable COD releases about 15,625 moles of 
methane gas. Thus, 1kg of COD is needed to produce 0.35 m3 or 0.25 kg of 
methane. With one third conversion efficiency of heat energy into electrical energy 
the electricity generation is 5.14kWh/Kg CH4 (55,525*1/3*1/3.600). So the 
electricity generated from methane is 1.29 kWh/kg COD removed (5.14 kWh/kg 
CH4 * 0.25 kg CH4/kg COD),( K h a n a l  2 0 0 8 ) .  
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Figure 2.8 : Basic stages associated associated with anaerobic digestion of organic 
wastes, mass flow bottom to top (Wheatley, 1990) 
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Figure 2.9 :  The pathways of the anaerobic carbon cycle to methane employed by methanogens, (M.J Pine, 1970).
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Theoretical methane production calculations using a general stoichiometric formula has 
been published by Buswell (1952): 
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 (             )    
 
 
 
(             )               
However, this is a simplification of the process and cannot predict the actual yields. 
Another possible method is based on feedstock content of carbohydrates, proteins and fat 
(Table 2.3). The experimental concentration of methane, is usually higher than the 
theoretical estimations shown in Table 2.3 as portion of CO2 is solubilized in the 
digestate. 
 
Table 2.3 : Maximum gas yield of main substrates (Weiland, 2010). 
Substrates Biogas production 
L/kg 
CH4 % CO2 % 
Carbohydrates  790-800 50 50 
Fats    1200-1250 37-68 29-30 
Proteins  700 70-71 32-33 
 
The ideal pH range for anaerobic digestion is very narrow: pH 6.8-7.2. The growth rate of 
methanogens is greatly reduced below pH 6.6 (Mosey and Fernandes, 1989), whereas an 
excessively alkaline pH can lead to disintegration of microbial granules and subsequent 
failure of the process (Sandberg and Ahring, 1992).This makes the methane producers 
very sensitive to pH changes caused by the previous stages shown in Figure 2.8. Their 
growth is reduced by 80% when the pH is under 6.6 (Angelidaki et al.,2003). The 
reduction of the pH usually occurs due to the excessive production volatile fatty acids. If 
the pH decreases to less than 6.2 it is necessary to directly intervene with corrective 
actions e.g. (suspend feeding and increase pH by addition of sodium bicarbonate). 
Although the optimal pH for methanogenesis is around pH 7.0, the optimum pH of 
hydrolysis and acidogenesis is lower and has been reported as being between pH 5.5 and 
6.5 (Kim et al., 2003a, Kim et al., 2003b and Yu and Fang, 2002). This is an important 
reason why some designers prefer the separation of the hydrolysis/acidification stages 
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from acetogenesis/methanogenesis stages using different reactors or a two-stage process. 
In this work the first stage is the HTC process used to accelerate the hydrolysis and 
solubilisation of the biomass. 
Methanogenic activity can be also influenced or inhibited by the presence of certain 
substances when in high concentrations. Such substances are volatile acids (due to the 
corresponding reduction in pH) but also compounds such as sulphides and ammonia from 
protein degradation. Toxicity from sodium, potassium, calcium, magnesium and heavy 
metals in dissolved form (Zn
+
, Cd
+
, Cu
+
, Cr
+
, as shown in Table 2.4.) as well as many 
synthetic organic chemical (phenols, formaldehyde, acrylic acid, etc.). Several of these 
metals, in low concentrations are essential trace elements for the development of 
anaerobic bacteria, but at higher concentrations cause inhibition of microbial growth 
(Table 2.4). 
Table 2.4 : Effect of various compounds on the anaerobic digestion of sludge, (Andreadakis 
and Mamais, 2009) 
Compounds Concentration (mg/l) 
 Favourable Moderate  
inhibitory 
action 
Strongly 
inhibitory action 
Sodium 100 – 200 3500 – 5500 8000 
Potassium 200-400 2500-45000 12000 
Calcium 100-200 2500-4500 8000 
Magnesium 75-150 1000-1500 3000 
Ammonium 
nitrogen 
50-200 1500-3000 3000 
Sulfide - 200 200 
Volatile acids 100-200 200-500 500 
Zn+ soluble - - 1 
Ni soluble - - 2 
Cu+ soluble - - 0,5 
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Thermal pretreatment improves by fibre disruption and cell lysis leading to a reduction of 
sludge viscosity. This gives rise to a reduction of up to 40% less volume, subsequently 
sludge disposal costs are decreased and the digester throughput increased. The 
Biothelys™ commercial process runs at 10% dry solids. Another commercial process that 
uses a combination of thermal pre-treatment and AD is the Cambi process (Kepp et al. 
2000) and it was reported that the extra energy requirements of the plant can be achieved 
by the increased biogas production leading to a positive energy balance (N. Chen et al. 
2012). In the Cambi process, the feedstock is normally a mixture of sludge (primary 
sludge – waste activated sludge) and thermal hydrolysis (165–175°C) is used as a 
pretreatment for anaerobic digestion. The pressure is around 10 bars and the reaction 
time is between 30–60 minutes (Figure 2.10).  
 
 
Figure 2.10: Flow diagram of the Cambi process (Kepp et al., 2000). 
Similarly, for the Veolia (Biothelys™) process, either primary or secondary sludge, or a 
mixture of both, are subjected to the effects of high temperature and pressure (i.e. 
approximately 165
o
C and 6–8 bars) for a period of 30 minutes (Figure 2.11). 
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Figure 2.11 : Flow diagram of Veolia process (Kepp et al., 2000). 
As shown in Table 2.5, a combination of thermal pre-treatment and AD of sewage 
sludge have been widely investigated in literature to improve biogas or methane 
production. Thermal pre-treatments have been classified into two groups regarding the 
biogas enhancement provided: treatments between 70°C or 121°C led to a 20–30% 
increase in biogas production, and treatments at 160–180°C which led to a 40–100% 
increase in biogas production (Bougrier et al. 2007). Neyens and Baeyens (2003), 
reported as optimal operating conditions the temperature range between 160
o
C to 180
o
C 
and treatment times from 30 to 60 min, with treatment time having little effect in this 
temperature range. 
The increase in methane production , as a result of the thermal pre-treatment, has been 
associated with increased hydrolysis rates (Batstone et al. 2009; Mottet et al. 2009) and 
solubilization of sludge organic solids, carbohydrates, proteins (Bougrier et al. 2008) and 
COD (Carrère et al. 2008). Figure 2.12 shows the effect of thermal pretreatment of 
sewage sludge in the temperature range 140-165°C on key performance indicators, 
before and after digestion (DON: Dissolved organic nitrogen, colour measured as 
decrease in Ultraviolet Transmission, UVA at 254 nm, Y is the degradability of the 
substrate (g-CODCH4/g-TCOD and k(d
-1
) is an empirical first order  rate constant ). 
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However, pre-treatment at temperatures above 170–190oC has been found to cause a 
decrease in sludge biodegradability although solubilization is increased. This is reported 
to be as a result of Maillard reactions taking place at temperatures above 170
o
C (Penaud 
et al. 1999; Dwyer et al. 2008), involving carbohydrates and amino acids leading to the 
formation of melanoidins, which are difficult to degrade (Penaud et al. 1999; Bougrier et 
al. 2007). Other disadvantages caused by the thermal pre-treatment are increased soluble 
inert fraction and color of the final effluent (Dwyer et al. 2008) , and increased ammonia 
inhibition in the main digester (Batstone et al. 2009). Dwyer et al., (2008) suggested that 
decreasing the temperature during the thermal hydrolysis of activated sludge reduces 
product colour, without decreasing degradability.  
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Figure 2.12 : Effect of temperature of thermal pre-treatment of sewage sludge on several 
indicators. (a) TCOD, (b) SCOD, (c) colour, (d) UVA, (e) DON, (f) VFA, (g) COD 
biodegradability, (h) rate constant, (i) TS, and (j) VS (Dwyer et al. 2008) 
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Table 2.5 : Studies on effects of thermal treatment on sewage sludge anaerobic digestion 
Substrate Thermal treatment 
conditions 
AD conditions Results Reference 
 
Activated sludge 
 
175
o
C, 30 min 
 
CSTR, 15 days, 35
o
C 
 
Increase of CH4 
production from 115 to 
186 ml g
–1
 CODin 
(+62%) 
 
(Haug et al. 1978) 
Primary sludge 175
o
C, 30 min CSTR, 15 days, 35
o
C CH4 production of 252 
ml g
–1
 CODin (no 
influence) 
Mixed sludge 175
o
C, 30 min CSTR, 15 days, 35
o
C Increased of CH4 from 
205
a
 to 234 ml g
–1
 
CODin (+14%) 
Activated sludge 175
o
C, 60 min CSTR, 5 days, 35
o
C Increase of biogas 
production from 108
a
 to 
216 ml g
–1
 CODin 
(+100%) 
(Li & Noike 1992) 
Activated sludge 175
o
C, 60 min Batch, 25 days, 35
o
C Increase of COD 
conversion to CH4 from 
48% to 68% (+42%) 
(Stuckey & McCarty 1984) 
Activated sludge 180
o
C, 60 min Batch, 8 days, 37
o
C Increase of CH4 
production (+90%) 
(Tanaka et al. 1997) 
Activated sludge 160
o
C, CSTR, 15 days Increase of biogas 
production (+60%) 
(Fjordside, et al. ,2001) 
Activated/secondary 
sludge 
70
o
C, 7 days Batch Increase of CH4 
production from 8.30 to 
10.45 mmol g
–1
 VSin 
(+26%) 
(Gavala et al. 2003) 
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Mixed sludge 121
o
C, 60 min CSTR, 20 days, 36
o
C Increase of biogas 
production from 350
a
 to 
420 ml g
–1
 VSin (+20%) 
(Barjenbruch & Kopplow 2003) 
Activated sludge 121
o
C, 30 min Batch, 7 days, 37
o
C Increase of biogas 
production from 3627
a
 to 
4843 L m
–3
 Sludgein 
(+32%) 
(Kim et al. 2003) 
Activated sludge 170
o
C, 60 min Batch, 24 days, 35
o
C Increase of biogas 
production (+45%) 
(Valo et al. 2004) 
 
 
Activated sludge 170
o
C, 60 min CSTR, 20 day, 35
o
C Increase of CH4 
production from 88
a
 to 
142 ml g
–1
 CODin 
(+61%) 
Activated sludge 170
o
C, 60 min Batch, 20 days, 
Thermophilic 
Increase of biogas 
production (+49%) 
(Dohányos et al. 2004) 
Activated sludge 170
o
C, 30 min Batch, 24 days, 35
o
C Increase of CH4 
production from 221a to 
333 ml g
–1
 CODin 
(+76%) 
(C. Bougrier et al. 2006) 
Activated sludge 170
o
C, 30 min CSTR, 20 days, 35
o
C Increase of CH4 
production from 145
a
 to 
256 ml g
–1
 VSin (+51%) 
(Claire Bougrier et al. 2006) 
Activated sludge 170
o
C, 30 min, 7 bar Batch Increase CH4 production 
(+50%) 
(Fdz-Polanco et al. 2008) 
Ativated sludge 170
o
C, 30 min, 7 bar Continuous, 12 days Increase of biogas 
production (+40–50%) 
Increase of electricity 
production (+40%) 
Activated sludge Microwave, 175
o
C Batch, 18 days, 33
o
C Increase of CH4 
production (+31%) 
(Eskicioglu et al. 2009) 
a
 Performance of anaerobic digestion without thermal pre-treatment. 
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In the Cambi process the degree of stabilisation (COD removal efficiency) has been 
reported to be between 52 and 59%, compared to 40-50% from conventional 
digestion, whilst the gas production is reported 0.337 m
3
/kg VS in(70% methane) (Kepp 
et al. 2000) compared to 0.9m
3
/kg-VS removed for standard digestion (CIWEM, 1999), 
However, in their study a 20 % higher net electricity production is stated compared with 
conventional digestion. The Biothelys™ process has been reported to increase biogas 
production by over 30%, and reduce sludge volume by up to 80% (Pilli et al. 2014). The 
results reported in literature regarding the biogas enhancement are variable and indicate 
that nature of sludge, treatment conditions of HTC and anaerobic digestion can determine 
the final effectiveness of thermal treatment.  
 
Figure 2.13:   Thermal hydrolysis process flow diagram (Cambi process), (Pilli et al,,2014) 
 
Figure 2.14:  Thermal hydrolysis process flow diagram (BIOTHELYS
®
), (Pilli et al., 2014). 
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In both commercial processes, (Cambi and Biothelys), all the solids and liquid is passed on 
to anaerobic digestion using e i ther conventional b a t ch  o r  stirred tank digestion 
technology or batch reactors. However ,  d ue to the greater dewatering achieved after 
HTC, the solids can be easily separated from the liquid phase enabling different 
t r e a t m e n t  strategies to be applied to the solids and the liquid. 
2.3.3 Wastewater from HTC of Sewage Sludge 
The products of HTC are the hydrochar (the main product) along with aqueous effluent 
(wastewater) and some gas– mainly CO2. Most studies on HTC of sewage sludge have 
focused on the energy value of hydrochar and how to maximize it, which  requires higher 
temperature HTC and results in a high concentration of soluble organic leachate (COD >20 g 
L
–1
). 
Consequently, the effluent (wastewater), separated from the hydrochar via filtration, requires 
more extensive treatment. Ramke et al., (2009b) reported COD levels between 10–40 g L–1 
and biological oxygen demand (BOD5) between 14–70 g L
–1 
for liquid filtrates obtained 
from different organic waste materials (maize silage mixed with dried sugar beet pulp, 
biogas slurry mixed with straw and dried sugar beet pulp, sugar and starch, municipal 
organic waste, commercial and industrial organic waste, agricultural residues and sewage 
sludge from municipal sewage treatment plants), which were hydrothermally carbonized 
at 180–190°C. According to study by Danso-Boateng et al., the levels of COD, total 
organic carbon (TOC), BOD5, volatile fatty acids (VFA) and ammonium nitrogen in the 
wastewater following HTC of sewage sludge increase as the treatment temperature increases 
(see Figure 2.15 and  
Figure 2.16). The increase in TOC concentrations in the wastewater from HTC at higher 
temperatures and longer treatment times is the result of transfer of carbon from the solids to 
the liquid phase during carbonisation. Depending on the process conditions, the wastewater 
following HTC of sewage sludge may contain between 20–66% of the initial carbon, with 
about 15% of this carbon mainly in the form of acetic and formic acids.  
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Figure 2.15 :  Effect of HTC reaction temperature and time on polluting potential of the 
wastewater following HTC of primary sewage sludge: (A) TOC; (B) COD); (C) COD; (D) 
VFA. ( Danso-Boateng et al., 2015)
 
Figure 2.16 :   Effect of HTC reaction temperature and time on ammonium-nitrogen in the 
wastewater following carbonisation. (Danso-Boateng et al., 2015). 
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The increase in concentration of ammonium-nitrogen at higher temperatures is reported to 
be the result of loss of nitrogen from the hydrochar (solids) into the liquid phase during 
HTC, which causes a decrease in nitrogen content in the hydrochar produced at higher 
temperatures. The presence of significant concentration of ammonium-nitrogen will lead to 
their nitrification if the wastewater following HTC of sewage sludge is discharged into water 
courses and this may cause toxicity to aquatic life. 
As shown in Table 2.6, carboxylic acids, alkenes, phenolic and aromatic compounds are 
present in the wastewater following HTC of sewage sludge at moderate temperatures. The 
carboxylic acids are reported to be the decomposition products of hydrolysis of the sludge, 
whilst the phenolic and aromatic compounds indicate that HTC follows hydrolysis, 
dehydration, decarboxylation, condensation, polymerization and aromatization. At higher 
temperatures above 180
o
C and for longer treatment temperatures, Maillard products such as 
aldehydes, furans, pyrroles, pyrazines, pyridines and other persistent colored soluble organic 
compounds are present in the wastewater, which support the claims made by  Bougrier et 
al., (2008) and. Penaud et al, (2000) in the work on thermal pre-treatment (or thermal 
hydrolysis) of sewage sludge.  
Table 2.6 :Compounds identified in HTC process water. (Danso-Boateng et al., 2015) 
Sample Compounds  Total Peak 
Area (%) 
a
  
Sample Compounds  Total Peak Area 
(%) 
a
 
  
140
o
C 
240 min 
 
2-methylbutanoic acid 
 
   1.188  
  
 
200
o
C 
15 min 
 
2-methylbutanoic acid 
0.291 
 
2-methylpentanoic acid 0.847  
 
2-methylpropanoic acid 0.675 
 
2-methylpropanoic acid 1.180  
 
3-methylbutanoic acid 2.300 
 
3-methylbutanoic acid 3.198  
 
4-methylpentanoic acid 1.005 
 
4-methyl phenol 0.344  
 
4-methyl phenol 0.557 
 Acetic acid 3.800   5-methyl-2-
furancarboxyaldehyde 
0.350 
 
Benzene acetic acid  0.087  
 
Acetic acid 29.205 
 
Butanoic acid 4.494  
 
Benzene acetic acid  0.179 
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Hexanedecanoic acid 0.030 
  Butanoic acid 3.567 
 
Pentanoic acid 1.135  
 
Pentanoic acid 1.027 
 Propanoic acid 7.886   Propanoic acid 7.991 
 
   
 
 
 
160
o
C 
240 min 
2-methylbutanoic acid 1.897  
200
o
C 
240 min 
1-pyrolideneethanamine 
2.333 
 
2-methylpentanoic acid 0.460  
 
1,3-Cyclopentanedione, 4 
4.596 
  
2-methylpropanoic acid 0.843  
 
2-ethyl-3-methyl pyrazine 1.539 
 
3-methylbenzofurane 0.105  
 
2-methyl-2-butenoic acid  0.351 
 
4-methyl phenol 0.770  
 
2-methyl-2-phenyl 1H-indole 1.375 
 
Acetic acid 13.274  
 
2-methylpentanoic acid 0.271 
 
Benzene acetic acid 0.255  
 
2-methoxy-4, 4, 5-
trimethyloxazoline 
0.773 
 
Butanoic acid 5.489  
 
2-pyrolidone 0.152 
 
Pentanoic acid 1.007  
 
3-methylbutanoic acid 0.440 
 
Propanoic acid 17.513  
 
3-pyridinol 0.850 
 
   
 
4-fluorothiophenol 1.205 
180
o
C 
30 min 
2-methylpropanoic acid 0.534  
 
4-methyl phenol 0.834 
 
3-methylbutanoic acid 0.531  
 
6-methyl-3-pyridinol 0.418 
 
4-methyl phenol 0.611  
 
Acetamide 1.010 
  
Acetic acid 8.083  
 
Acetic acid 9.008 
 
Benzene acetic acid  0.259  
 
Benzene, 1,2-dichloro-4 
0.795 
 
Butanoic acid 4.292  
 
Benzene acetic acid 0.906 
 Indole, or 2,3-
Benzopyrrole 
0.515  
 
Benzene propanoic acid 0.125 
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Pentanoic acid 0.939  
 
Butanoic acid 3.053 
   
Propanoic acid 7.601  
 
Formic acid 
1.421 
 
   
 
Glycerin 1.089 
180
o
C  
240 min 
2-Cyclopenten-1-one 0.254  
 
Pentanoic acid 1.735 
 
2-Methyl hexanoic acid 0.499  
 
Propanoic acid 7.872 
 3-ethyoxy-4-
methoxyphenol 
0.362  
 
  
 
3-pyridinol  0.362  
 
  
 
4-methyl phenol 0.800  
 
  
 
5-isobutylpyrimidine 0.276  
 
  
 
Acetamide  1.085  
 
  
 
Acetic acid 10.790  
 
  
 
Benzaldehyde 0.140  
 
  
 
Benzeneacetic acid 1.511  
   
 
Benzenepropanoic acid 0.199  
   
 
Butanoic acid 4.593  
 
  
 
Butanoic acid derivative 1.545  
 
  
 
Formic acid 0.535  
 
  
 
Pentanoic acid 1.785  
 
  
 
Propanoic acid 8.965  
 
  
 
Phenol 0.229  
 
  
 
Trichloromethyl Benzene 0.536  
 
  
 
Triphenyl phosphine  8.789  
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2.3.4 Anaerobic Digestion of HTC Wastewater 
Ramke et al., (2009a), reported that the liquid phase obtained from HTC of sewage 
sludge at 180–190oC was degradable (aerobically), with COD-degradation efficiency 
of 85%. In their study the wastewater was not subjected to anaerobic digestion, although it 
was suggested that anaerobic digestion would be possible as the liquid probably includes 
high quantities of organic acids.  
The idea of combined HTC and anaerobic digestion process was introduced more 
clearly by Oliveira, et al.,(2013), when it was realized that using the liquid phase as 
recycle water for HTC would not eliminate the need of further treatment at a later 
stage. The feasibility of this combination was tested with biogas potential tests 
(BMP). The substrate used was agricultural waste and the process water produced 
after HTC (at 180°C for 4hrs) was acidic (pH = 3–5) containing TOC of 13–26 g L–1. 
The biogas production obtained from the BMP tests was between 9.6–21.1 L kg–1 
fresh matter and the methane yield was 6–16.31 L of CH4/kg FM. Higher gas yields were 
obtained at higher TOC concentrations. Thus, it was concluded that anaerobic digestion was 
a feasible and potentially sustainable choice for this particular wastewater, by providing 
m o r e  biogas to run the process.  
Anaerobic digestion of wastewater following HTC of sewage sludge was also reported by 
Ramke et al., (2009a) who conducted mesophilic AD using wastewater obtained from HTC 
of sewage sludge at 190
o
C to 235
o
C and obtained carbon conversion rate of 33.8% and 
methane yield in the range of 47–57% (Table 2.5). Danso-Boateng et al., (2015) estimated 
theoretical methane yields from the wastewaters from HTC of primary sewage sludge using 
measured COD and TOC concentrations of the liquid. HTC was conducted at temperatures 
between 140
o
C to 200
o
C for treating times ranging from 15 min to 4 h. As shown in Figure 
2.17, estimated methane yields from these calculations indicated the HTC wastewater would 
be higher than those obtained from untreated sewage sludge, except for yields from 4 h HTC 
reaction time and above 180
o
C. In the study, the estimated methane yields correlated well 
with the VFA concentrations in the wastewater, which indicated that the higher the VFA 
concentration in the HTC wastewater, the higher would be the methane yield achieved. It 
was concluded that this was because during the first stage of AD, hydrolysis by bacteria 
produces VFAs, which together with other soluble compounds such as sugars and amino 
acids are further converted to methane by acetogenic and methanogenic bacteria. The 
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decrease in methane yield at higher temperatures was attributed to the formation of less 
digestible organic compounds (Maillard reaction products) in the liquid fraction at these 
conditions, as shown in Table 2.6. Although, the wastewater resulting following HTC was 
not subjected to anaerobic biodegradable tests, the results from this work further indicates 
that the wastewater generated from HTC of sewage sludge is likely to be suitable for 
methane (biogas) production. 
 
 
Figure 2.17 :  Effect of HTC reaction temperature and time on methane yield estimated 
based on the biodegradability characteristics of the wastewater. (Danso-Boateng,2014) 
A more intensive investigation on the anaerobic digestion of HTC wastewater has been 
reported by Wirth and Mumme (2014) who initially compared the digestion efficiency of 
continuous stirred tank reactor (CSTR) and anaerobic filter reactor (AF) using liquid filtrate 
of HTC processed corn silage (at 200° C for 6 h). A shock load was tested and then a 
continuous feeding with organic loading rate (OLR) of 1.0      L–1 d–1. It was concluded 
that AD of the specific process water is feasible and that there is greater long term stability 
for the AF digester. COD removal of 80% and methane yields up to 0.25 L L
–1
 d
–1
were 
achieved at hydraulic retention time (HRT) of 42 days. 
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Table 2.7 : Studies on anaerobic digestion of wastewater from HTC of sewage sludge 
 
HTC 
treatment 
conditions 
 
AD conditions 
 
Results 
 
Reference 
 
Gas rate 
 
CH4 rate 
 
 
CH4 yield 
(%vol) 
 
190– 235oC,  
5–12 h 
 
Batch, 35–37oC, 
18 days 
 
2.5 mg L
–1
  
  
47–57 
 
(Ramke et al. 
2009a) 
 
200
o
C, 6 h 
 
AF, 20 weeks, 37
o
C, 
OLR = 1-5  gCOD L
-1 d-1
 
 
0.191-0.678 
L L
–1
 d
–1
 
 
0.144-0.513 
L L
–1
 d
–1
 
 
75 
 
 
(Wirth et al. 2015) 
 
200
o
C, 6 h 
 
AF, 20 weeks, 55
o
C 
OLR = 1-5  gCOD L
-1 d-1
 
 
0.204-1.162 
L L
–1
 d
–1
 
 
0.147-0.809 
L L
–1
 d
–1
 
 
72 
 
160
o
C, 30 min,  
5 bar 
 
BMP test
a 
 
NR 
 
347.8 
mL of CH4 g
–1
 
of VSadded 
 
61 
b
 
(Aragon-Briceño 
,2016) 
 
 
 
220
o
C, 30 min, 
35 bar 
 
BMP test
a 
 
NR 
 
324.3 
mL of CH4 g
–1
 
of VSadded 
 
52 
b
 
 
250
o
C, 30 min, 
45 bar 
 
BMP test
a 
 
NR 
 
509.3 
mL of CH4 g
–1
 
of VSadded 
 
56 
b
 
a
 Reactor type and digestion temperature not reported. 
b
 Reported as % biodegradability,                               
AF = Anaerobic Filter reactor
 
(continuously-fed). 
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Wirth et al.,(2015) also studied the influence of digestion temperature and of organic loading 
rate on the AD of process liquor (wastewater) produced from HTC of digested municipal 
sewage sludge. In their study, HTC was conducted at 200
o
C for 6 hrs and there was no 
significant difference in gas production between mesophilic (37
o
C) and thermophilic (55°C) 
digestion of the HTC wastewater ( 
 
Table 2.7). The COD removal was 68 to 75 % and the methane produced up to 0.18 L CH4 
/g COD removed. Digestion at mesophilic conditions produced a 5% higher methane 
concentration compared to thermophilic digestion. This was attributed to the reduced 
solubility of CO2 at the thermophilic temperature as well as undetected CO2 losses. The 
OLR (organic loading rate) increased step-wise from 1 to 5      L
–1
 d
–1
, which decreased 
the HRT from 34 to 5 days. The shortening of the HRT showed that higher organic loading 
rates are possible even if the wastewater (liquor) is strong without influencing the 
performance of AD. Methanogenesis was considered the rate limiting step in this research, 
as hydrolysis had a high rate constant.  
In a similar work, BMP tests results reported by (Aragón-Briceño et al. 2017), showed the 
wastewater produced from HTC of sewage sludge has better performance to convert the 
organic matter to methane than untreated sewage sludge. Methane yields between 347.8 to 
509.3 mL of CH4 per g of VS added were obtained from the HTC wastewater ( 
 
Table 2.7) as compared with 126.4 mL of CH4 per g of VS added from the untreated sewage 
sludge. The HTC wastewater had better biodegradability (52–61%) than sludge 
biodegradability (16%), which showed an inhibiting VFA’s consumption but no production.  
According to a study by Danso-Boateng et al., (2015) the energy input of the HTC plant 
could be minimized if the wastewater produced is anaerobic digested for methane production. 
It was estimated that the extra methane produced from the HTC wastewater could provide 
about 5% of the energy input of the HTC plant. However, unlike thermal hydrolysis which 
has been applied successfully in a commercial scale to obtain improved biogas production 
from sewage sludge, work on integration of HTC plants with anaerobic digesters for biogas 
production from sewage sludge is in its infancy. Hence, more investigations are required to 
establish the feasibility of the method, the energy efficiency and gain deeper knowledge of 
the performance of the technology so it can be applied in a commercial scale.  
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3 Experimental and Analytical methods 
3.1 Overview 
  This chapter describes the equipment and materials used in the experiments together with 
the analytical methods applied in this study. The hydrothermal carbonisation experiments 
were carried out in the process laboratory in the Chemical Engineering department and the 
anaerobic digestion and the technical analysis in the Water Laboratory of the Civil 
engineering department in Loughborough University. 
3.2 Hydrothermal Carbonisation process 
3.2.1 HTC treatment conducted in the chemical engineering department 
A custom-designed rig was used for the HTC process which was operated using faecal 
synthetic formulated by the recipe of Wignarajah et al., (2006). The solids composition is 
shown in Table 3.1 with all the chemicals purchased of Sigma-Aldrich, UK. The materials 
were weighed and uniformly mixed with tap water using a hand stirrer to form a suspension 
of 90% moisture and 10% solids.  
Table 3.1: Composition of faecal synthetic 
 % of Total Dry Weight 
Cellulose 37.5 
Yeast 37.5 
Peanut oil 20 
KCL 4 
Ca(H2PO4) 1 
    
The HTC unit (Figure 3.1) of 5 L working volume reactor was built by the Chemical 
engineering department and consists of four main parts: (1) feed tank and pump, (2) the 
reactor, (3) flash tank and (4) filter. The material was being charged into the reactor and 
heated to the required temperature and corresponding pressure. The unit was operated semi-
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continuously using synthetic faeces. The synthetic faecal material was mixed in the feed tank 
from where it was pumped into the reactor. Heating to the required temperature was via an oil 
heater unit (THERMAL H335 or THERMINOL
®
 66) and maintained for the required contact 
time. Following the hydrothermal treatment, the synthetic waste was passed into a flash tank 
where it was cooled (pressure drops) prior to the filtration stage. The material was passed 
through a filter having slots of 60 μm width and 470 μm length, under slight pressure to 
separate the liquid and solid residue fractions each of which was collected in a different tank. 
The operation of the rig was controlled by LabView
® 
program. The control could be either 
automated with designed sequences or with the use of ‘manual control’ from the software. 
Manual control refers to the control of the valves, heater and pump through three different 
sub-section pages of the software by toggling the switches and inputting the speed and 
temperature settings.  The overall technical specification for HRT is shown in Table 3.2. 
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Figure 3.1 : Diagram of the HTC plant in Chemical Engineering HTC Department. 
Table 3.2: Technical specification of the heat transfer rig. 
Construction material Stainless steel 
Maximum temperature 220 °C 
Pump Compact C pump (MonoTM ,C14DC11RMA) 
Pump liquid Synthetic feacal sludge 
Maximum pump capacity 1,500 l/hr 
Maximum pump pressure 24 bar 
Reactor inside diameter 96.9 mm 
Reactor outside diameter 114.1 mm 
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Reactor volume 5.4 x 10-3 m3 
Reactor maximum feed volume 5 l 
Reactor maximum feed pressure 20 bar 
Conical tank prior to flash vessel  100L 
Flash vessel maximum volume 5 L 
Flash vessel maximum pressure 16 bar 
Filter pore diameter 60 µm 
Heater Unit Julabo high temperature circulator (HT30-M1) 
Heat transfer medium THERMINOL ® 66 
Valves 3-pce heavy duty actuated stainless steel ball 
valves (VOLT 50-052701 & HPD7000) 
Material of seals Copper 
 
 
Figure 3.2 : The HTC rig in the Chemical Engineering Department. 
The liquid effluent was stored for the anaerobic digestion experiments (section 3.3) while the 
solids were hermetically sealed for analysis and storage. 
1 
2 
3 
4 
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3.2.2 HTC treatment of Real Sewage Sludge 
This HTC unit was also custom built but in this case by an external contractor (Labman
®
). 
This rig was operated using sewage sludge from the local wastewater treatment plan 
continuously (Leistershire, UK). The material was sterilised in the reactor up to 180C under 
autogenous pressure. The working volume of the reactor was 6 L. Settled sewage sludge of 
around 95-97% of moisture content was pumped directly into the high pressure reactor and 
treated for HRTs up to 6 hrs. After a preset time, the system dispensed 75 ml of carbonised 
material from the reactor via a double valve lock system where it cools and losses pressure 
and then after a preset time passes into an expansion tank where the material was cooled 
further before it was filtered or drained by gravity. The frequency of dispensing was 
controlled by software written by the contractor Labman
® 
and may vary from 1 min to 30 
min. After dispensing the pump refills the pressure vessel with fresh material to maintain a 
constant working volume of 6 litres. 
After each run, (maximum run time achieved was 525 hours), and once the pressure and 
temperature returned to ambient, the rig was flushed through with mains water and emptied 
according to a wash program provided in the software. 
 
Figure 3.3: HTC plant in Civil Engineering Department 
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The liquid filtrates obtained from both HTC rigs were high strength in both organics and 
inorganics. Therefore, a further treatment was necessary to reduce the COD load and to 
produce an effluent suitable for recycling the environment or as WC water. Anaerobic 
digestion was chosen as the most sustainable and energy saving treatment regarding the 
biogas production. 
Summarising, the basic differences between the filtrates from the Civil Eng. and the Chem. 
Eng. designed units were the different feedstocks and reaction conditions as in the first 
process real sewage sludge was treated, which consisted of about 3-5% solids, at a 
temperature of 160-180C for an average retention time of 6 hours, while in the Chemical 
engineering department synthetic faecal matter used of 10% solids and processed at various 
temperatures and contact times. The liquid effluent was in the Civil Eng. Department was 
filtered through a 125 μm sieve by gravity. In the Chemical Eng. rig the filtering was 
automated by a pressure filter containing slots of 60 μm width and 470 μm length. 
3.3 Anaerobic digestion 
Two anaerobic fixed film digesters each of 9 litres (reactor volume) were operated in the 
temperature controlled room (37C) of the Water Laboratory in the Civil Engineering 
department. In this study they are denoted as R1 (Reactor 1) and R2 (Reactor 2) and there 
were no differences between the two reactors regarding the design or the equipment used. 
The first experiments (noted as series 1 or start-up period) were conducted using the filtrate 
of the Civil Eng. HTC rig (using real sewage sludge) as influent for the R1 while the R2 was 
operating as the control reactor using marmite wastewater (estimated as high-biodegradable 
substrate) provided by Unilever (Burton upon Trent). During the rest of the experimental 
periods R1 was operating with liquid effluent of HTC treated synthetic waste (fully 
carbonised at 200C), while R2 was operating with the liquid effluent of HTC treated sewage 
sludge. Different dilution rates (2:1 and 10:1) were tested for both influents. The dilution was 
achieved by recycling the effluent from each digester back to the feed tank (Figure 3.4).Table 
3.3 summarises the main parameters investigated during AD experiments included in Chapter 
4. 
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Figure 3.4 : Diagram of the anaerobic digestion process operated at Water Laboratory in the 
Civil Engineering department. 
 
Figure 3.5 : Anaerobic reactors, R1 at the right and R2 at the left of the picture. 
 
Two peristaltic pumps (Watson Marlow 505S) were used to convey the influent to the 
reactors while flow cells (Envitech Cardiff) with a connected meter were used to measure the 
biogas production from the two anaerobic reactors.  
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Table 3.3: Main parameters investigated during the different experimental phases (Chapter 4) 
for each reactor (R1 and R2). 
 Anaerobic Reactor 1-R1 
(substrate-Real sludge) 
Anaerobic Reactor 2 - R2 
( substrate-Synthetic material)  
Main parameter 
investigated 
No dilution of the influent No dilution of the influent 
Influent dilution 2:1 Influent dilution 2:1 
Influent dilution 10:1 Influent dilution 10:1 
Halving of the HRT (1.8 d) Halving of the HRT (1.8 d) 
Influent used : filtrated sludge 
from the Cambi plant 
Influent used: add of the solid 
part of the HTC process 
 
 
 
 
3.4 Analytical Methods 
The feedstocks and effluents of the anaerobic reactors were analysed for chemical oxygen 
demand (COD), total organic carbon (TOC), total solids (TS), volatile solids (VS), pH, 
Ripley’s ratio and biochemical oxygen demand (BOD), volatile fatty acids (VFA), according 
to international standard ISO methods (APHA 2005).  
The biogas production volume and composition of the reactors was also monitored and GC-
MS analysis of the HTC samples was conducted. 
3.4.1 Chemical Oxygen Demand (COD) 
Total and soluble COD was determined following the procedure of Standard Methods 5220 D 
– (Closed Reflux Colorimetric Method), using a COD Analyser (Palintest 2000 and 20000, 
Palintest Ltd, UK). Reactor effluent and influent samples were filtered through 11μm filters 
(for the soluble COD) and diluted by a ratio of 1:10. Duplicate portions of 2 ml or 0.2 ml of 
either effluent or feed were added to the Palintest standard digestion solution in the 
borosilicate tubes, hermetically sealed and heated. The main chemical components of the 
prepared COD tubes are 84% sulphuric acid, <1% potassium dichromate, <1% silver 
sulphate. The reaction tubes containing the standard-sample mixtures, including the blank 
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solution were heated at 150 ± 2
o
C for 2 hrs, and allowed to cool to room temperature. When a 
sample is digested the dichromate ion oxidizes the organic material in the sample. This 
results in the change of chromium from the hexavalent (VI) to the trivalent (III) state. Both of 
these chromium species are coloured and absorb in the visible region of the spectrum. The 
dichromate ion (Cr2O7
-2
) absorbs strongly in the 400 nm region, whereas the chromic ion Cr3
+
 
absorption is much less. The chromic ion absorbs strongly in the 600 nm region, where the 
dichromate has nearly zero absorption. The COD concentration was measured against 
standard blank solution at the wavelength of 600 nm (for COD concentration above 90 mg/l) 
using the Palintest 8000 spectrophotometer. 
3.4.2 Total Organic Carbon (TOC) 
TOC was analysed using TOC Analyser (DC-190, Rosemount Dohrmann, USA), in line with 
Standard Methods 5310 B – High Temperature Combustion Method. Reactor effluent and 
influent samples were filtered (11μm filter) and diluted by ratio 1:10. The samples were 
homogenised and 50μl was injected into the total carbon (TC) chamber of the instrument. 
The water is vaporised and the organic carbon oxidized to CO2 and H2O. The CO2 from the 
oxidation of organic and inorganic carbon is transported in the carrier-gas streams and is 
measured by means of a non-dispersive infrared analyser.  
Because total carbon is measured, inorganic carbon must be measured separately and the 
TOC is obtained by the difference. Inorganic carbon (IC) was measured by injecting the 
microportion of 50μl of the sample into the IC chamber of the analyser where it was 
acidified. Under acidic conditions, all inorganic carbon was converted to CO2, which was 
transferred to the detector to be measured separately. 
3.4.3 Biological Oxygen Demand (BOD) 
BOD was analysed according to Standard Methods 5210 B – 5-Day BOD Test, termed 
BOD5. The bottles were standard 250ml B.O.D. bottles, with a stopper which has a conical 
base, to avoid trapping air, and a recess so that a water seal is made to stop air entering the 
bottle during incubation. The BOD bottles are stored before use with the residual dilute 
Iodine solution inside to keep them sterile. Two BOD bottles are required for each sample 
(for BOD day 1 and BOD day 5) and also 2 as blank samples. The selected volume of each 
sample (usually 5 ml) was diluted with BOD dilution water to a total volume of 1 litre (1L 
measuring cylinder was used). For the test of HTC effluent seeding was needed as these 
samples are sterilized due to the high temperature and pressure reaction conditions. The seed 
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consisted of 1 ml river water sample which was added to the mixture as well as 1 ml of 
allylthiourea to suppress oxygen consumption by nitrifiers, and gently oscillated to mix, to 
avoid any air entrainment. Two blank solutions were prepared, one of 1L of BOD dilution 
water and one in which 1ml of river water (seed) was added. The BOD bottles were labelled 
(sample, Day 1 and Day 5). The bottles were washed out form the iodine using the prepared 
mixture and then filled up to overflow. The stoppers were replaced whilst making sure all 
trapped air was dislodged. The ―Day 5‖ bottles were placed in an incubator at 20 ± 1oC for 5 
days.  
Dissolved Oxygen Analysis 
The dissolved oxygen was measured in the Day1 bottles using the Winkler method. For the 
analysis, first, 2 ml of 50% manganese sulphate solution was added to the bottom of the 
bottle, whilst 2 ml of alkaline iodide Azide solution was added to the top. The stoppers were 
replaced and the bottles inverted several times to mix, forming brown precipitates. If a white 
precipitate is formed then no dissolved oxygen remains and the test repeated using a more 
dilute sample.The precipitate was allowed to settle half way down the bottle, and again 
inverted several times to re-mix the sample. The precipitates were allowed to settle two thirds 
down the bottle, and the stopper removed and 4 ml of 50% H2SO4 added into the sample. The 
stopper was replaced and the bottle inverted several times to dissolve all the precipitates 
liberating iodine. The iodine solution obtained was titrated against N/80 sodium thiosulphate 
solution until the iodine solution turns a pale yellow. At this point, a few drops of starch 
indicator were added changing the colour to blue/black. The titration continued until the 
colour of the mixture become colourless, and then the titration reading recorded. The same 
procedure was followed for all the ―Day 5 samples. The BOD of the samples was then 
calculated in mg/L using the equation described in the Appendix chapter. 
3.4.4 Total and Volatile Solids (TS and VS) 
Total solids were determined according to Standard Methods 2540 B.: Total Solids Dried at 
103–105°C. About 50 ml of each sample was measured into a preweighed evaporating dish, 
weight and then placed in an oven at 105 ± 2
°
C for 1hr. The samples taken from the oven 
were cooled in a desiccator to room temperature, and then weighed and recorded. The mass 
of total solids in mg/L were calculated from the difference in weight before and after the oven 
drying (Appendix).  
According to Standard Methods 2540 E, volatile solids were determined by igniting the 
residue from the dry weight test to constant weight at 550
o
C. The dishes with the ashes were 
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cooled in a desiccator, weighed and the masses recorded. The mass of volatile solids in mg/L 
were calculated from the weight differences before and after ignition (Appendix). 
3.4.5 pH 
The pH of the reactors’ effluents was measured in triplicate using a pH meter (Mettler Delta 
340). The pH was calibrated using pH 7.0 and 4.0 buffer solutions before each use. 
3.4.6 Ripley’s ratio 
The alkalinity: acidity balance is also known as Ripley’s ratio.  This is a pH titration using 
hydrochloric acid. Once the pH of the sample has been noted, 0.5 M HCl is used to titrate the 
sample to a pH of 5.75. The volume of HCl required to reduce the pH the 5.75 is noted as 
volume A and is the acid required to titrate the bicarbonate alkalinity of the digester and is a 
measure of alkalinity.  More acid is then added (very carefully at this point) until the pH 
reaches 4.3. The volume of acid used from 5.75 to 4.3 is volume B, which is the amount of 
acid required to titrate the weak acids in the digester and is a measure of the volatile acid 
content of the digester. 
 
B/A = Ripley’s ratio. A Ripley’s ratio value between 0.3-0.5 shows a stable AD operation. 
3.4.7 Biogas production 
The volume of the biogas production was measured and recorded automatically using the 
Digital gas flow meter FLO CELL
TM 
(Envitech Cardiff). It relies on displacement in a fixed 
volume sample cell. 
3.4.8 Biogas composition 
The GMF 400 series gas analyser was used to monitor the percentage of CH4, CO2, O2 and 
H2S in the gas based on an infra-red cell. 
3.4.9 Volatile Fatty Acids (VFA) 
Volatile fatty acids were determined using the HACH Method 10240 (LCK 365), 50-
2500mg/L as CH3COOH, 75-3600 mg/L as C3H7COOH. This method uses 4 prepared 
solutions provided (A, B, C and D). The samples were diluted 1:10 if it was necessary to get 
within the range (influent samples). First 0.4 ml of solution A was added to the test vial and 
0.4 ml of the sample. After gentle mixing the vial was put into the preheated DRB200 reactor 
for 10 min at 100 °C. Then the vials were left to cool down to room temperature and 0.4 ml 
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of solution B was added. After a gently mix 0.4 ml of solution C was added to the vial, 
mixing and then 2 ml of solution D.VFA tubes were left for 3 minutes to complete the 
reaction and then using the DR 1900spectometer the VFA concentration was measured. The 
Volatile acids react with diols in an acidic environment to form fatty acid esters. These esters 
are reduced by iron (III) salts to form red complexes. The measurement wavelength is 497 
nm. 
3.4.10 Analysis of Compounds in Liquid Products using GC-MS 
Water-soluble organic compounds in the processed wastewater were identified directly after 
filtration using a GC-MS (HP5890, Hewlett Packard, USA) equipped with a mass selective 
detector (MSD) (HP5973, Hewlett Packard, USA). The liquid samples were routed through a 
DB-1MS column (25 m x 0.32 mm id, J&W Scientific) with an inlet temperature set at 
150°C, and with the septum purge flow at 5.0 ml/min, with helium carrier flow at 1.5 ml/min. 
The initial oven temperature was 60
o
C. After 2 min, the column temperature was increased at 
a rate of 15
o
C/min until 90°C, and then increased at a rate of 8
o
C/min until a final 
temperature of 300
o
C was achieved (following modified methods by Karagoz et al., (2005). 
The MSD source temperature was 230°C and MSD quad temperature was 150°C.  The mass 
range of the detector was between 19-300 amu, and the total run time was 30.25 minutes. The 
compounds were identified using the NIST
®
 2008 Library.  
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4 A.D. performance of HTC-treated real 
sludge and synthetic faeces 
4.1  Overview 
This chapter describes the anaerobic digestability (AD) of the hydrothermal carbonisation 
(HTC) liquid stream. The filtrates used were real sludge processed at 160-180°C for 6 hours 
and synthetic sewage sludge processed at 200°C for 30 minutes. The results for the real 
sludge f i l t r a t e  (95-97% moisture, treated in Civil Eng plant) and for the Cambi-processed 
filtrate, demonstrated that it could be anaerobically digested as AD performance was stable, 
although at a lower performance than reported for an ideal feedstock. The process filtrate 
from the synthetic faeces, were very high in COD >30 g/L and AD was less stable at this high 
strength. Dilution by recycling was successfully used as a method to cope with the high 
strength HTC filtrates. It was shown that a dilution ratio of (10:1) provided appropriate 
buffering and recycling of nutrients.  
The practice of digesting the whole fraction (solids and liquid) did not result in higher 
methane production. 
Filtration experiments of the HTC product showed that the type of filter is an important factor 
for the AD process following as the COD concentration of the effluent is largely effected. 
4.2 Introduction 
In HTC the process acts as a super water solvent (>130°C) and reactant. The hydrolysis 
process forms a variety of both small and large organic acids (Funke et al., 2009; Berge et al., 
2011; Libra et al., 2011). Thus, the liquid filtrate produced is acidic and of high COD > 
30g/L. Observations during the experiments showed the filtrate could support regrowth by 
acid-tolerant actinomycetes. As described in chapter 2 anaerobic digestion seems to be an 
ideal process stage to reduce the organic load and give additional benefit from the biogas 
produced contributing to the energy sustainability of the whole treatment. Thermal pre-
treatment of biomass has been implemented successfully as a method to increase biogas 
production from anaerobic digestion (Muller et al., 2001; Neyens et al., 2003; Bourgier et al., 
2008), with the CAMBI and Veolia processes being the most widely used commercial 
examples. In these, existing processes all the solids and liquid are passed on to anaerobic 
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digestion using a conventional stirred tank digestion reactor. In this project the proposed 
system filters the solids from the liquid immediately after the thermal reactor enabling 
different strategies to be applied to solids and liquid and taking full advantage of the drying 
and bioenergy that this could provide. 
 Excess acidity usually from shock loads is reported as the main cause of stability problems in 
the operation of AD plants within the EU (Chen et al., 2008). Given that the HTC produced 
filtrate is acidic, an essential first step was to test if AD can cope with treating these high 
strength acidic effluents, if it was stable in the long-term operation as well as comparing the 
production of biogas for energy recovery with previous work.  
Thus, the objectives were to determinate the feasibility of the anaerobic digestion of the HTC 
liquid fraction and benchmark the performance against previous AD treatability trials.  
4.3 Materials and Methods 
4.3.1 AD influents  
As noted both real sludge and synthetic solids were used in the experiments, their origin and 
preparation are described in Sections 4.3.1.1 and 4.3.1.2 below. The analysis of these filtrates 
is described in Tables 4.1and 4.2 (description of analytical methods in section 3.4).  
4.3.1.1 Hydrothermally- treated real sludge 
Real sludge was collected from the local sewage works (Wanlip, Leicestershire) and 
hydrothermally treated using the HTC rig described in 3.2.2 (in Civil Engineering unit). The 
operating conditions were 160°C-180°C for 6 hrs. The HTC effluent was filtered through a 
125 μm sieve by gravity. 
4.3.1.2 Hydrothermally- treated faecal synthetic 
The synthetic faecal sludge produced was from the recipe of Wignarajah et al, (2006) 
described in 3.2.1. , hydrothermally treated at 200°C for 30 minutes’ reaction time, using the 
custom- designed HTC rig (Chemical Engineering unit, 3.2.1). The conditions were adapted 
by the results of modelling experiments carried out by Danso-Boateng, (2014). His objective 
was to achieve optimal energy characteristics together with optimum carbon balances in both 
the liquid by-product and the hydrochars after modelling of the filtration and carbonization 
process for the hydrochars. 
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4.3.1.3 Yeast extract wastewater 
The marmite wastewater was collected fresh, as needed, from Unilever plant in Burton upon 
Trent. As it has proven from previous research to be really close to an ideal substrate, it was 
used as feed during the start-up of the digesters (Radu et al., 2014). 
4.3.1.4 Anaerobically- treated yeast extract wastewater  
The anaerobically- treated effluent from the Marmite plant was used during start-up of the 
experiments and in cases where instability or wash out of the reactor occured. It provided 
buffering, nutrients and re-inoculation of the reactors.  
 
4.3.1.5 Unfiltered HTC- processed synthetic faeces 
The whole fraction (without filtration) of synthetic faeces after HTC at 180°C for 30min was 
also anaerobically digested, representing the common practices used now as thermal 
pretreatment -AD (Cambi, Veolia process). The aim was to compare the process (feasibility 
and performance) with the results from the previous experiments and conclude if there is any 
benefit from the filtering process. 
 
4.3.1.6 Cambi filtrate 
Digestion experiments were also conducted using HTC-treated real sludge following the 
Cambi process. The thermally treated sewage sludge was collected from the neighbouring 
Anglian Water plant (Milton Keynes). The process followed in this plant is thermal treatment 
of the combined sewage sludge (activated sludge in this case), at 165°C for 30 min before 
AD. The sludge was collected after this thermal pretreatment but before the anaerobic 
digestion. 
In the experiments the liquid filtrate of this type of sludge was used and in order to collect 
this we devised a custom designed filter device shown in Figure  4.1. 
 
 
65 A.D. performance of HTC-treated real sludge and synthetic faeces 
 
Figure  4.1 : Filter device used for the filtration of Cambi treated sewage sludge 
Characteristics of all the feedstocks described above are shown in Table 4.1. 
Table 4.1: Characteristic of the feedstocks 
 COD 
soluble 
(g/L) 
COD 
total 
(g/L) 
TOC 
(g/L) 
TS 
(g/L) 
TS % VS 
(g/L) 
VS% TSS 
(g/L) 
pH 
HTC-treated 
real sludge 
5.47 7.66 1.68 5.88 0.48 4.02 77.80 3.78 6.39 
HTC faecal 
synthetic 
31.13 37.8 10.39 44.07 4.06 34.83 80.21 5.46 4.41 
Marmite 
wastewater 
24.64 32.70 7.82 4.06 0.41 2.58 63.58 - 5.28 
Cambi filtrate 
17.75 24 3.16 7.08 0.71 5.84 82.49 6.21 8.22 
Unfiltered 
HTC synthetic 
faecal sludge 
- 95 28.61 63.66 6.33 57.34 90.07 49.51 5.42 
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4.3.2 Experimental procedure 
Two anaerobic reactors (9 litres operating volume) were used for the experiments i n  a  
t e m p e r a t u r e  c o n t r o l l e d  r o o m  at 37°C. For startup, 2 litres of active 
a n a e r o b i c  granules were used as inoculum with 6 litres of digested effluent (4.3.1.4) 
as a buffer and 1 litre of r aw wastewater as  feed(4 .3 .1 .3) ,  (all from the fu l l  sca le  
yeast extract plant), were  added to  f i l l  the  reactor . For the first 3 weeks, to 
acclimatizatise the biomass, both reactors were fed with yeast extract wastewater at an 
HRT of 9 days. The 1
st 
set of experiments, lasting 5 months, were to optimize the effluent 
recycle or buffering needed to reduce the influent strength and to stabilize AD performance. 
Changes to operation can be divided into 3 periods for each reactor. The parameters are: 
the type of the influent, the average organic loading rate and the hydraulic retention time for 
each operation period of the two reactors R1 (Reactor 1) and R2 (Reactor 2). These 
operational phases are summarised in Table 4.2 and Table  4.3 respectively. 
In order to specify the effect of filtration and particle size, in the feed and potentially on the 
AD process, different pore size filters were used to produce liquid filtrates. The changes in 
COD, TOC, BOD, VFA, NH4-N were measured. 
 
Reactor 1 
 
Table 4.2 : Operation parameters of Reactor 1 (HTC synthetic faecal filtrate) 
 DATES HRT Average SCOD 
load (g/L/day) 
Influent 
Period 1 3/3-7/4 3.6 days 8.65 
HTC- treated 
faecal synthetic 
Period 2 8/4-9/5 3.6 days 3.59 2:1 HTC- treated 
faecal synthetic  
Period 3 
9/5-23/6 3.6 days 0.95 
10:1 HTC- treated 
faecal synthetic 
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Reactor 2 
Table  4.3 : Operation parameters of Reactor 2 (HTC real sludge filtrate) 
 
4.4 Results and discussion   
The average performance results of the Reactors 1 and 2 are summarised in Tables 4.4 and 
4.5 respectively. 
Reactor 1 
Table 4.4 : Average performance of Reactor 1 during the three periods of operation. 
 Period 1 Period 2 Period 3 
soluble COD out 12.04 18.82 11.35 
% sol. COD  
Removal 
43.89 
(±33.3) 
43.84 
(±19.7) 
66.05 
(±5.0) 
TS out (g/L) 11.61 7.87 9.39 
%TS removal 79.17 17.06 80.92 
VS out (g/L) 6.28 5.18 4.49 
%VS removal 86.01 15.55 88.56 
 DATES HRT average SCOD 
load (g/L/day) 
Influent 
Period 1 10/3-7/4 3.6 days 2.00 HTC- treated sewage 
sludge 
Period 2 8/4-12/5 3.6 days 0.52 
2:1 HTC-treated 
sewage sludge 
Period 3 12/5-23/6 3.6 days 0.14 
10:1 HTC- treated 
sewage sludge 
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TOC out (g/L) 1.97 4.77 3.04 
%TOC removal 80.85 53.68 70.50 
Biogas production 
(ml/d) 
36.21 
(±24.5) 
14.62 
(±10.7) 
1072.79 
(±921.7) 
pH 6.35 5.42 7.52 
Ripley’s ratio >1 >1 0.95 
 
It can be noted from Table 4.4 that the COD removal was between 43.89-66.05%, 
percentages quite satisfying for the AD operation but less than an ideal substrate (~90%) , 
(Connaughton, Collins and O'Flaherty, 2006). During the first 2 periods the biogas yield was 
low and not correlated as expected with the measured COD removed. The Ripley’s ratio for 
these two periods indicated a destabilised operation. The average performance in the second 
period appears deteriorated compared to the first, even though an improvement was expected 
due to the dilution of the feed (2:1 ratio) applied in this period. The % VS removal was 
15.55% and TOC removal 53.68%.  In the third period, the performance did improve 
especially regarding the biogas production. In order to reach conclusions that are more 
accurate, study and interpretation of the timestamp performance of the Reactor is following. 
Reactor 2 
Table 4.5: Average performance of Reactor 2 during the three periods of operation. 
 Period 1 Period 2 Period 3 
COD soluble out 2.35 4.99 3.86 
%COD sol. Removal 59.42 
(±4.4) 
39.74 
(±19.4) 
33.07 
(±8.6) 
TS out (g/L) 3.42 9.43 4.89 
%TS removal 14.47 0 16.8 
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VS out (g/L) 1.44 5.55 1.77 
%VS removal 28.10 15.65 25.31 
TOC out(g/L) 0.52 1.46 1.01 
%TOC removal 69.04 13.09 39.88 
Biogas production (ml/d) 35.80 
(±29.7) 
83.92 
(±11.9) 
67.56 
(±11.8) 
pH 7.49 8.21 8.26 
Ripley’s ratio - 0.39 0.28 
 
The average performance of Reactor 2 (Table 4.5) demonstrated a more stable operation 
compared to Reactor 1, based on the pH and Ripley’s ratio, but the other parameters indicated 
the overall digester performance of the digestion was unsatisfactory. COD removal during the 
first period was 59.42% which was in keeping with previous results for such a reactor at the 
start, but the conversion to biogas yield was low. The performance did not improve in periods 
2 or 3 when the recycling ratios were 2:1 and 10:1 effluent to feed dilutions, as the increase 
of the biogas production is not significant and the COD removal reported was lower. 
 
4.4.1 pH and Ripley’s ratio  
As described in the literature review section, reduc t ion  in  pH was an important r i s k  
factor for the anaerobic digester’s operation. Methanogenic bacteria are the most sensitive to 
this and the best pH range for their growth is 6.8-7.2. Organic shock loading disrupts the 
microbial balance in favour of acidogenic bacteria as these respond more rapidly and grow 
faster resulting in an accumulation of acid metabolites. Excessive concentrations of volatile 
acids in the influent or  from these metabol i tes  may cause pH reduction. pH is not a 
reliable control measurement however, lacking precision and response time, and in most 
cases the inhibition of the methanogenic bacteria has already taken place by the time the 
pH reduction is noted (Radu et al. 2014). Therefore, Ripley’s ratio ( or other alkalinity 
measures)  is preferred since this reflects the balance between buffering and neutralization 
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capacity and VFA concentration, (Radu et al. 2014).Figure 4.2a and Figure 4.2b compare 
Ripley’s ratio and pH of Reactor 1. During period 1, when the liquid filtrate of HTC 
faecal synthetic was used as influent, the pH was 7 and higher for the first 20 days. A 
decline follows, that is inhibitory towards the end of the period. The influent fell to an 
average value of 4.39; most likely due to the organic acids from the H T C  hydrolysis 
rather than internally generated metabolites.  This was likely to be the cause of the 
accumulation of acids and the resul tant  shock  in the reactor causing inhibition of the 
methanogenic bacteria. Dilution at 2:1 (Period 2) by recycling the effluent of the digester 
back to the feed was used and during this period pH improved but there were fluctuations and 
average pH was still lower than 6 which indicates inhibition. For these two first periods the 
pH measurement already showed a failure of the operation. Therefore, the dilution rate 
increased to 10:1 (Period 3). The r a p i d  fall in Ripley’s ratio for this period (Figure 4.2 b) 
at values <0.5 can be interpreted the result of overcoming the previously observed as an 
inhibition, result of the more diluted feed. This on the range of recommended values for a 
stable active culture (see section 3.4.6). pH increased to an average of 7.64 with greater 
stability. 
 
Reactor 1 
 
Figure 4.2: a) pH analysis of Reactor 1 effluent (for the 3 Periods); b) Ripley’s ratio values of R1 
effluent during period 3 (10:1 recycling ratio). 
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Figure 4.3a and Figure 4.3b represent the pH and Ripley’s ratio analysis of reactor R2. 
During the first period, when the HTC real sludge filtrate was fed directly to the digester, 
the pH range was suitable (6.55-8.4). During the first 20 days of operation there was a 
disturbance in the operation as reflected by the Ripley’s ratio values (Figure 4.3), followed by 
an improvement (in the following days) reaching pH of 8.4 and Ripley’s ratio of 0.3. This 
suggests that a longer period of acclimatization is necessary. The results improved further in 
period 2 with t h e  introduction of recycle a t  2:1 when the i n d i c a t o r s  reached 
optimum values, pH 8 and Ripley’s ratio around 0.3. Further dilution with 10:1 recycling 
did not change the already stabilized performance. These results suggested direct 
treatment might have been possible with the longer acclimatization suggested previously. 
 
Reactor 2 
  
Figure 4.3 : a) pH value range of Reactor 2 effluent b) Ripley’s ratio analysis of Reactor 2 
effluent. 
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4.4.2 COD removal and biogas production 
Biogas production is directly connected to the COD or substrate removed during digestion. 
Referring to the literature review 1kg of COD removed during anaerobic digestion 
produces 0.35 m3 or 0.25 kg of methane (see literature review, Section 2.3.2, for 
stoichiometric analysis). The C O D r em ov a l  results obtained for Reactor 1 together with 
the e q u i v a l e n t  biogas production are presented in Figure 4.4 and Figure 4.5, respectively. 
Reactor 1 
 
Figure 4.4 : % COD removal for each operation period of Reactor 1. 
 
Figure 4.5 : Volume of biogas production during time for the different operation periods of 
Reactor1. 
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As shown in the Figures (4.4 & 4.5) significant COD removal was obtained during periods 
2  a n d  3  ( above 50%). As noted in the literature review 50% removal would be expected 
from a solids substrate but greater conversion is reported and expected from soluble 
substrates up to 95% with ideal substrates (Radu et al., 2014). Fluctuation of COD removal 
was noticed during period 2. COD removal declined rapidly during Period 1 from the start 
up value of 90% to 10% COD removed, due to the acidification of the reactor. The low 
percentages during the 25 days between 22 March and 18 April correspond to the lowest pH 
conditions (Fig.4.1a) and led to the failure of the reactor. The last days of the first period 
there was an improvement of COD removal following a lower strength feed and the restoration of 
the Ripley’s ratio. This was augmented by recycle during the second operational period with a 2:1 
feed dilution and there was further improvement in COD removal with better and more stable 
acidity indicators (pH and Ripley’s ratio). There were still fluctuations in performance, 
suggesting a still deficient operation. The biogas production like Ripley’s, a sensitive indicator 
of performance, was lower than expected from this degree of COD removal for these 2 periods. 
I t  w a s  c o n c l u d e d  t h a t  the reason was due to the high strength of the feed, 32 
g/L soluble COD concentration (Table 4.4) which caused a COD loading shock 
overwhelming the methanogens and explaining the pH reduction. The 10:1 dilution 
applied i n  P e r i o d  3  improved and stabilized the COD conversion (65.9%) and 6.5 g 
COD removed/day. The gas yield also improved peaking at 0.38 L/L reactor/d, with the 
average volume being 0.12 L/L reactor/d. Thus, the speci f ic  methane production was on 
average 0.16 m3/kg COD removed, half that of the ideal substrates noted, (cellulose or 
glucose) giving 0.35 m3 methane /kg COD removed. 
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Reactor 2 
Figure 4.6 and Figure 4.7 illustrate the e q u i v a l e n t  percentage COD removal and volume 
of biogas production for Reactor 2, f ed  w i t h  r e a l  s l u d g e  s u b s t r a t e .  
 
Figure 4.6: % COD removal in Reactor 2 during the 3 periods of operation 
 
Figure 4.7: The volume of biogas production of Reactor 2. 
 
Reactor’s 2 performance was not stable even for periods when the sensitive indicators 
(Ripley’s ratio and gas production) were within the accepted operating range. The biogas 
volume produced was unexpectedly low (below 0.01L/L reactor/day) even during Period 1 
0
10
20
30
40
50
60
70
80
90
100
0 20 40 60 80 100
C
O
D
 r
e
m
o
va
l %
 
Days 
Period 1 Period 2 Period 3
0
0.01
0.02
0.03
0.04
0.05
0.06
0 20 40 60 80 100
B
io
ga
s 
yi
e
ld
 (
L/
Lr
e
ac
to
r/
 d
ay
) 
Days 
Period 1 Period 2 Period 3
 
75 A.D. performance of HTC-treated real sludge and synthetic faeces 
when the average COD removal was 59.42%. Application of the 2:1 recycling, Period 2 in 
Fig. 4.6, did not improve the COD removal, as there was further decline to 7.4%, followed by 
an improvement to 46.4%, as the Reactor partially recovered from the shock. The biogas 
production was still below expectations (the exceptions t o  t h i s  were two measurements 
of 0.022 L/L/d and 0.038L/L/d). In Period 3 a 10:1 recycle was applied, as in Reactor 1, to 
further dilute the real sludge filtrate. This improved the performance, but still the average 
COD removal was 33.1%,  but the biogas production was still too low to represent 
this COD conversion despite the good stabili ty indicators (Ripley’s and pH). A 
possible explanation for this could be the low starting COD concentration of the influent 
which became too low after the dilution (see COD load per day, Table  4.3), so only 0.93 g 
COD was removed per day, insufficient for growth. So, although the percentage of COD 
removed was sometimes close to 40% the actual quantity of the removed COD was below 
0.5 g/d. It was concluded that the loading was below the optimum for fixed film bed AD 
d e s i g n s  which are reported as >5 Kg COD/m
3
/day. Recalcitrant thermal products 
could be another explanation and this might be overcome by a longer 
acclimatisation period. Another possible explanation could be that the degradable COD 
was insufficient for t h e  efficient measurement of gas because of the limits of the 
instrumentation. T h u s ,  a decrease in the HRT increase  the  organic  load whi le  
retaining the  d i lut ion f rom recycle  could be a way of differentiating between these 
possibilities. 
 
4.4.3 Effect of HRT reduce on  AD performance 
The hydraulic retention time for the 1
st
 set of experiments was at 3.6 days for all the periods 
and for both reactors. Conclusions from these experiments were that buffering by recycling 
was essential for the synthetic faecal sludge filtrate (Reactor 1) but for the Reactor 2, with the 
weaker real sludge, the 10:1 recycle reduced the daily organic load too much. Thus, next step 
was to increase the flow rate, but at this point it is important to bear in mind that the 10:1 
recycling used represents or was a net HRTs of 18 days and 36 days (including the number of 
passes through the Reactor) whereas the immediate HRT was 1.8 and 3.6 respectively 
without taking into account the recycling. 
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Reactor 1 
 
Figure 4.8: Performance indicators during operation of Reactor 1 under two HRTs a) %COD 
removal, b) Biogas production. 
 
As shown in Figure 4.8, for Reactor 1, the percentage of COD removed remained stable at 
the lower HRT and over 60% (average of 65.9% for HRT=3.6d and 64.4% for HRT=1.8d). 
Regarding the biogas yield, it can be noted from the graph that the output is similar under 
both HRTs despite the increase in load. The average value of biogas produced was 0.12 L/L/d 
for HRT=3.6 and 0.11 L/L/d for HRT=1.8d, but the range was 0-0.4 L biogas/L reactor/day 
with wide fluctuations. It was suggested that lower HRT did not affect digester’s operation 
and may further reduction is possible. 
Anova analysis of the results (2 sample T-test) gave a high P (0.571), confirming that there is 
no significant effect of the HRT on biogas production. 
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Reactor 2 
  
Figure 4.9: a) performance indicators during operation of Reactor 2 under two HRTs a) 
%COD removal, b) Biogas production. 
Reactor 2 data represented in Figure 4.9 showed that halving of the HRT in Reactor 2 (real 
sludge) did not have any impact on the performance, regarding these two indicators. The 
average percentage of COD removal under 3.6 days HRT was 33.1 % and 39.2% at HRT=1.8 
d. The biogas yield was still low for both HRTs, although an improvement was expected with 
the increase of the flow rate and organic loading, which was estimated as the cause for the 
low biogas yield in the 1
st
 set of experiments. The average biogas production was 0.007 L/L 
reactor/d under a hydraulic retention time of 3.6 days and 0.033 L/L reactor/d under 
HRT=1.8d. The increase of the average value of biogas production under lower HRT is not 
significant and still not satisfying. At this low range of biogas values the accuracy of the 
measurements cannot be reassured since they are at the limit of its sensitivity. Thus, a further 
reduction in HRT was suggested to check if an amelioration of the performance was possible. 
Similarly, the Anova analysis, verified that the increase in HRT in Reactor 2 did not have 
major effect on biogas yield, as P= 0.158.  
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4.4.4 Biogas composition 
The biogas composition was not monitored every day because the measurement procedure 
could introduce air and affect the oxygen and redox potential of the reactor. During the 
whole operation the methane content from both digesters was between 60-67%, CO2 was 
15-30% with no O2, the concentration of H2S 0-300 ppm.  
 
4.4.5 Digestion of CAMBI liquid filtrate 
These tests were used to compare the treatability of filtrate from a full scale thermal treatment 
plant with the laboratory built models. The COD load was 3.83 g/L reactor/d and the HRT 
was 0.57 day. 
The average values of the main indicators of AD performance from these CAMBI filtrate 
digestion experiments are presented in Table 4.6. The COD removal achieved is over 80% 
and the VS removal 56%, together with the Ripley’s Ratio are evidence of a well-operating 
digester. The biogas production was still too low and completely contradictory with the high 
COD consumed although showing great fluctuations (Figure 4.10). This observation could be 
attributed to the low accuracy of the gas measurement equipment which has been commented 
on previously. Another explanation could be the accumulation of COD as solids in the 
digester, but this would eventually result in blockage or a sudden wash out of high levels of 
solids. This was not recorded or observed. 
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Table 4.6: Average performance using CAMBI liquid filtrate. 
 Average performance 
COD total out  (g/L) 4.48 
%COD Removal 81.32 
(±1.1) 
TS out (g/L) 5.36 
%TS removal 24.21 
VS out (g/L) 2.5 
%VS removal 56.57 
TOC out (g/L) 1.83 
%TOC removal 42.09 
Biogas production  
(L/Lreactor/d) 
0.03 
(±0.01) 
pH 7.96 
Ripley’s ratio 0.34 
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Figure 4.10: Biogas production during CAMBI filtrate digestion. 
From the results presented and discussed above regarding the Cambi filtrate it can be 
suggested that the COD and VS removal was successful as these results can be compared to 
the results achieved using high digestible materials in literature such as yeast extract  90% 
(Radu et al., 2014), palm oil mil effluent    89% (Najafpour et al.2005 ). 
Biogas production was too low, expressed as specific gas yield and this needs further 
investigation. In feedstock terms this equal to 5.24ml CH4/g CODin. Despite the fluctuation 
detected in the biogas records, the statistical analysis shows that this follows normal 
distribution and normal probability plots can be applied. 
Comparing these results with the other typical operations, VS removal obtained in the 
experiments described here ( 56%) is typical of domestic sludge digestion (range achieved 
52-59%) whereas the biogas production is low at 0.6m
3
/kgVS removed compared to 0.9 
m
3
/kgVS removed reported in the British Standard (CIWEM 1999). Cambi report on biogas 
produced was 0.3 m
3
 /kg VS in or 0.48 m
3
 /kg COD removed (Kepp et al. 2000), lower than 
the values obtained from our experiments. 
4.4.6 Digestion of the whole fraction of the synthetic faecal sludge  
The AD performance when the influent used is the whole fraction of HTC- treated synthetic 
faecal sludge was investigated to determine the impact of solids on the process. The HTC was 
operated at 180°C for 30 min. Average values of the results obtained are presented in Table 
4.7 with operating conditions of net HRT= 0.6d and OLR=15g/L/d.  
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Table 4.7: Average performance of the digestion of the whole fraction of HTC process 
effluent. 
 Average performance 
COD total out  (g/L) 5.32 
%COD Removal 80.47 
(±1.1) 
TS out (g/L) 5.09 
%TS removal 91.6 
VS out (g/L) 1.94 
%VS removal 96.34 
TOC out (g/L) 2.07 
%TOC removal 92.65 
Biogas production 
(L/Lreactor/d) 
0.11 
(±0.01) 
pH 7.4 
Ripley’s ratio 0.5 
During these experiments the solid fraction was also added to the digesters, some practical 
issues of this type of operation released namely blocking pipes and difficulties in pumping 
the influent (more powerful pumps required). Results for the removal of the organic 
compound were high, at 80.5% as well as the VS removed (96.3%). 
The time course of the results for the AD including the solid fraction at HRT= 0.6d is 
presented in Figure 4.11. The average biogas production (0.11 L/L reactor/d or 0.01 m
3
/kg 
VS removed) is the same as the filtrate digestion yield (section 4.4.3) and lower than the 
Cambi report (0.33m
3
/kg VSin). Using the average value of methane production, the 
performance corresponds to 0.025 L CH4/g COD in or 479 L/m
3
sludgein. Comparing again 
with the digestion of just the filtrate for which the biogas production expressed in these 
values was 0.268 L CH4/g COD in , the difference is significantly high. This observation 
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implies that the solid carbon introduced to the system was not metabolized to benefit gas 
production. Collecting this amount of solids separately and implementing another method 
could improve the energetics of the process. 
 
Figure 4.11: Biogas yield of digestion of whole fraction of HTC products with time. 
Three different HRTs were tested in order to determine how this affects the AD performance. 
As presented in Figure 4.12 there was a slight improvement of the biogas yield when the 
lower HRT of 0.6 d was applied which was diminished when higher flow rate was applied 
leading to HRT of 0.4 day. It can be concluded that the HRT did not significantly affect AD 
performance. 
 
Figure 4.12: Average biogas production for 3 HRTs during digestion of whole fraction of 
HTC products. 
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4.4.7 Filtration 
As the filtration is a main step in the HTC process suggested in this study, it is important to 
investigate how the type of filter that is used could affect treatment of the resultant liquid 
HTC filtrate. Some filtration experiments using different pore size filters (60 μm / 10 μm / 3 
μm / 1.2 μm / 0.45 μm) were conducted in order to specify the effect in the organic load of 
the liquid filtrate product obtained, thus the quality and the potential anaerobic digestibility. 
 
Figure 4.13: Concentration of COD, BOD and TOC of the HTC at 180 °C, 120 min filtreted 
through different pore sizes. 
Figure 4.13 and Figure 4.14 confirm that there is a great difference between 60μm and 10 μm 
pore size filters on the COD concentration both for the filtrates from HTC at 180 °C, 120min 
and 200 °C, 30min. The effect is a lot lower for the TOC and BOD load both for the filtrates 
from HTC 180 °C, 120min and 200 °C, 30min. Larger suspended solids (5-60μm) are known 
to coagulate to larger solids (biomass) in the AD process and this is the basis of the most 
common AD reactor design, the UASB by Lettinga et al.,  (1970). 
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Figure 4.14: Concentration of COD, BOD and TOC of the HTC at 200 °C, 30min filtered 
through different pore sizes. 
VFA concentration in the filtrates was also highly affected by the filter pore size as shown in 
Table 4.8. However, the ammonium concentration is not influenced by the filtration process 
and remains at a low level for all the samples. 
Table 4.8: VFA and ammonium concentration for filtrates of HTC at 200 °C for 30min and 
180 °C for 120min through different filter pore sizes. 
 200 °C, 30min  180 °C, 120min 
Filter size (μm) VFA (g/L) NH4-N(mg/L)  VFA (g/L) NH4-N (mg/L) 
60 8.20 220  7.67 203 
10 3.9 223  3.87 211 
3 1.47 225  3.60 195 
1.2 1.51 215  3.37 205 
0.45 1.70 221  3.49 190 
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4.5 Discussion and Conclusions 
The anaerobic digestion from HTC filtrates using real sludge and synthetic faeces was 
investigated. The results for the real sludge (95-97% moisture) HTC filtrate demonstrated 
that it could be anaerobically digested based on important indicators of AD performance 
(Ripley’s ratio, percentage of COD removal) which were satisfactory and stable when using a 
2:1 recycle ratio. COD removal was less than an ideal feedstock, for example the full scale 
Marmite plant achieves 90% conversion to gas compared to the 39% shown in these 
experiments. An increase of the COD load per day was tested that improved the performance 
and specifically the biogas production. Similar results were obtained when the digestion of the 
Cambi filtrate was undertaken, as the AD performance was stable with a high organic 
compound removal (81% of COD), and yet the biogas yield was low suggesting further work 
is needed to differentiate between recalcitrance of high temperature treatment and scale 
effects. 
Regarding the results achieved from the synthetic faeces (90% moisture) HTC filtrate 
digestion, it was reported that this is a high strength feedstock (regarding the COD 
concentration) and of higher acidity (organic acids, produced in the hydrolysis process) causing 
shock loads and inhibition of the methanogenic bacteria. However, the application of the 
10:1 recycling dilution managed to overcome this inhibition and resulted in the best AD 
performance. Under these operating conditions the average COD removal was 66%, the 
biogas yield 0.16m
3
/kg COD removed and the TS and VS removal were 81 and 88% 
respectively. This conclusion of using dilution by recycling was supported by previous work 
as a suitable method to cope with strong feeds, providing buffering and recycling of nutrients. 
Recommendations 
Since both the real and the synthetic wastes generated very low specific gas yields then the 
potential for inhibition and coagulation of solids as mechanisms for removing the feedstock 
carbon needs further research. These are investigated in the next chapters. 
Better acclimatisation and longer start- ups could improve the performance particularly the 
gas yields and this needs further work.  
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5 Effect of HTC reaction conditions on 
AD performance  
5.1 Overview 
In chapter 4 the digestibility of wastewater after Hydrothermal Carbonisation (HTC) treatment 
of sewage sludge and synthetic faeces was reported. The results suggested that thermal 
inhibition was a possible but not certain effect. Following that, this chapter presents results 
from a study of the effect of a range of HTC temperatures and retention times (140–200°C for 
30–240 minutes) on the treatability using AD since this form of more extensive thermal 
treatment was reported in the literature to increase the amounts of refractory by- products. The 
study is focused on biogas production in order to improve the energy input of the HTC 
process, thus the sustainability of the whole process. The results demonstrated that liquid 
products from the lower HTC temperatures gave better biogas production. The biogas yield 
from the 140°C HTC filtrate digestion was 0.45–0.86 L/Lreactor /d, whilst 0.33 L/Lreactor /d 
was obtained from 170°C and 0.31–0.45 L/Lreactor /d from 180°C HTC filtrates. The lowest 
anaerobic digestion (AD) efficiency was recorded for the treatment at 200°C with biogas yield 
of 0.07 L/Lreactor /d. The experimental data also showed that low AD hydraulic retention 
time (HRT), typical of high rate fixed biomass digesters can be used to treat the HTC filtrate. 
Doubling the loading rate to the digestors by reducing the HRT to 0.9 days resulted in 1.8 to 
6.8 times greater biogas yield. Thus, it was possible to corroborate Chapter 4 data that thermal 
treatment did generate refractory products but these were not inhibitory. 
 
5.2 Introduction 
Water plays an important role in the HTC process as a solvent and depending on the reaction 
temperature, between 13–66% of the carbon passes into the liquid fraction. This solubility 
increases with  temperature (Danso-Boateng et al. 2013; Danso-Boateng, Shama, et al. 2015)  
Previous work on thermal pre-treatment of sewage sludge followed by AD indicates that 
dewaterability and soluble organic matter increase as the HTC temperature increases (Pilli et 
al. 2014). The increase in solubilisation of organic solids, carbohydrates, proteins (Bougrier 
et al. 2007)  and COD (Penaud et al. 1999) leads to the increase in methane production 
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during AD. However, some literature has suggested concurrent formation of refractory COD 
(Penaud et al. 1999) at higher temperatures, mainly through Maillard reactions, reducing 
digestibility. Compounds such as furans, phenols, acetic acid, levulinic acid, and other 
persistent coloured soluble organic compounds have been reported in previous works (Libra 
et al. 2011; Shen et al. 2011; Wang et al. 2001; Danso-Boateng, et al. 2015).  
As given in Figure 5.1 Maillard reactions occur when a reducing sugar, such as glucose, 
condenses with reactive amino group (of an amino acid or in proteins mainly the E-amino 
group of lysine, but also the a-amino groups of terminal amino acids) to give a condensation 
product. This is N-substituted glycosilamine, which rearranges to form the Amadori 
rearrangement product (ARP). The subsequent degradation of these Amadori products is 
dependent on the pH of the system. At pH 7 or below, it undergoes mainly 1,2-enolisation to 
form furfural (when pentoses are involved) or hydroxymethylfurfural (HMF) (when hexoses 
are involved). At pH >7 the degradation of the Amadori compound is thought to involve 
mainly 2,3 enolisation, where reductones, such as 4-hydroxy-5-methyl-2,3-dihydrofuran-
3one (HMFone), and a variety of fission products, including acetol, pyruvaldehyde and 
diacetyl are formed (Figure 5.1). All these compounds are highly reactive and take part in 
further reactions. Carbonyl groups can condense with free amino groups, which results in the 
incorporation of nitrogen into the reaction products. Dicarbonyl compounds will also react 
with amino acids to form aldehydes and a-aminoketones. This reaction is known as the 
Strecker degradation. Subsequently, as the process progress, a range of reactions take place, 
including cyclisations, dehydrations, retroaldolisations, rearrangements, isomerisations and 
further condensations, which ultimately, in a final stage, lead to the formation of brown 
nitrogenous polymers and co-polymers, known as melanoidins. 
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Figure 5.1: Maillard reaction scheme adapted from Hodge, 2011. 
Studies on anaerobic digestion of the liquid product following HTC of sewage sludge for 
biogas or methane production are limited. Danso-Boateng et al. (2015) reported on the 
potential methane yields from the separated HTC liquid phase from sewage sludge. 
However, in their study the liquid phase was not practically tested using a model AD; but 
estimated based on the chemical analysis these were; total organic carbon (TOC) and COD 
concentrations of the liquid. Wirth et al. (2015) conducted anaerobic digestion on the 
separated liquid (called ‘liquor’) from sewage sludge after HTC. They used mesophilic and 
thermophilic conditions in paired continuously fed-batch reactors for 20 weeks. They found 
no significant difference in biogas production from either mesophilic (37°C) or thermophilic 
(55°C) digestion temperatures. However, in their study the HTC conditions were constant 
(220°C for 6hrs), therefore the effects of HTC temperature and reaction time on AD 
performance and methane yields were not investigated. 
This chapter investigates the anaerobic treatment of the liquid phase generated from HTC 
faecal synthetic using a range of HTC temperatures, from 140–200°C, and retention times 
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between 30–240 minutes. The effect of HTC reaction conditions on biodegradability of the 
HTC liquid products and biogas yields during AD are studied. In addition, the effect of 
different AD hydraulic retention times (HRTs) on the AD performance was investigated. 
5.3 Material and methods 
5.3.1 HTC process 
The custom-designed rig (in Chemical Engineering Department) described in Chapter 3 
(3.2.1) was used for the HTC process. The faecal synthetic of 10% solids (section 3.2.1) was 
pumped into the reactor and heated to temperatures between 140–200°C. The lower 
temperature was chosen to be 140°C, as the lowest safe-limit temperature to ensure sterilized 
hydrochar and filtrate (> 130°C recommended autoclave temperature). The effluent of the 
process after the reaction was passed through the filter described in chapter 3, so the liquid 
filtrate contained solids <60μm.  
5.3.2 Anaerobic digestion 
The same pair of anaerobic fixed-film digesters (9 litres working volume) were operated 
continuously at standard temperature (37°C), as described in Chapter 4. Dilution by 
recycling was successfully developed during Chapter 4 to cope with the strong HTC filtrate. 
Recycling the effluent from each digester back into the feed tank at a dilution ratio of (10:1) 
was used to provide optimum buffering and recycling of nutrients.  
5.3.3 Analytical methods 
The influent and effluent of the anaerobic reactors were analysed according to standard the 
APHA methods (Apha/Awwa/Wef 2012). The analysis included COD total and soluble 
(3.4.1), TOC (3.4.2) TS (Total solids) and VS (Volatile solids) (3.4.4) .BOD5 was measured 
respirometrically (3.4.3), VFA (3.4.9). Standard respiration rate tests were also used as a 
rapid indicator of HTC temperature on biodegradability. pH and Ripley’s ratio were 
measured daily (3.4.5/3.4.6). The volume and composition of the biogas produced were 
monitored using a FLO CELL
TM 
flow meter and a GMF 400 series infra-red, respectively. 
GC-MS analysis was also conducted to identify inhibitory marker chemical compounds in 
the filtrate and understand more about the chemical pathways of HTC. This enabled 
comparisons of the products with previous work on the thermal processing of other types of 
organic matter.  
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5.4 Results and discussion 
5.4.1 Liquid filtrate  
The described in Chapter 4 experiments were performed at 200C for 30 min, conditions 
optimized in a previous thesis by Danso-Boateng (2015) based on energy consumption, 
filterability and the quality of the hydrochar as HTC targets.  
However, the aim of the experiments described here is to reduce temperature to avoid 
inhibitory by-products, maximize biogas production and to produce the best quality of final 
effluent. For the experiments at variable HTC retention times the synthetic waste, at 10% 
solids, was treated at 180°C. A second series of similar experiments was carried out at a 
lower temperature 140C to investigate if there was an increase in biodegradability. 
International standards recommend 130C as the lowest safe-limit temperature for complete 
sterilization of the hydrochar.  
Following studies summarized in Chapter 2 (Section 2.3.2), where the thermal pre-treatment 
for upgrading the anaerobic digestion was reported (Neyens & Baeyens 2003; Li -. & Noike 
1992), and the successful commercial implementation of the Cambi process (operating at 
165-175°C) HTC effluent of 170°C for 1 hr was tested. 
The characteristics of the HTC filtrates obtained are given in Table 5.1. 
Table 5.1: Overview of the characteristics of the HTC filtrate (<60 μm) processed at 140–
200°C for 30–240 min. 
HTC operating 
conditions 
Filtrate Characteristics 
COD 
soluble 
(g/L) 
COD 
total 
(g/L) 
TOC 
(g/L) 
TS 
(g/L) 
TS 
(%) 
VS 
(g/L) 
VS 
(%) 
pH VFA 
(g/L) 
200°C, 30 min 30.19 54.52 10.38 44.07 4.06 34.83 80.21 4.41 4.55 
180°C, 30 min 27.19 47.53 8.70 18.65 1.88 15.11 80.98 5.06 2.14 
180°C, 90 min 25.90 41.52 7.98 22.53 2.64 17.93 80.36 4.58 3.61 
180°C, 120 min 30.07 43.27 10.89 24.52 1.94 20.10 82.01 4.59 3.89 
170°C, 60 min 20.07 36.45 5.90 25.04 2.47 18.75 74.88 4.92 2.78 
140°C, 30 min 19.95 33.67 6.78 26.60 2.66 20.89 78.28 6.91 3.23 
140°C, 60 min 24.57 26.6 9.11 27.03 2.70 19.66 72.80 7.79 3.38 
140°C, 120 min 30.99 97.63 8.92 24.85 2.49 18.78 75.60 5.06 2.96 
140°C, 240 min 38.39 85.02 10.18 26.77 2.68 20.73 77.44 3.83 2.39 
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The COD value of the filtrate increases with the rise of the temperature at which the HTC 
was conducted and increase in the HTC reaction time. At 140°C the filtrate soluble COD 
increased from about 20 to 38 g/L as the reaction time increased. The impact of these two 
parameters on TOC values is similar to the COD suggesting that this effect is reproducible. 
However, at the higher temperatures the COD is relatively uniform given the analytical 
reproducibility suggesting 140°C at the longer retention times could produce a stronger liquid 
filtrate, for example total COD 97.6g/L, compared to 43.3 g/L at 180°C  both for 120 
minutes, which implies that possibly the reaction time is an important parameter governing 
the reactions, in contradiction to some previous studies suggesting that residence time has no 
significant effect on HTC (Heilmann et al. 2010).  
Both the TOC and COD results were on the other hand similar to those reported by Ramke et 
al. (2009b) for various organic wastes carbonised at 180°C for the much longer time of 12 h. 
The TOC results from 200°C for 30 min and 140°C for 240 min were close to 10.0 g/L, the 
value reported by Ramke et al. The COD levels at all temperatures and reaction times were 
also within the range of values they reported. These results indicate that increasing reaction 
temperature and time resulted in both increased concentrations of TOC and COD which is 
borne out by the increased concentrations, with severity of conditions, of the specific 
indicator organic compounds identified in the filtrate shown in Table 5.5.  
TOC and COD values following carbonization, for all reaction conditions were significantly 
higher than those typical of domestic wastewater as expected, which are 0.1–0.4 g/L for TOC 
and BOD, and 0.2–1.0 g/L for COD (Sundstrom and Klei, 1979). The above mentioned 
values of COD and TOC after HTC treatment could be an opportunity as well as a challenge 
for carbon retention or recovery (in a form of energy) from the HTC process water. 
The organic carbon concentrations as COD or TOC are lower than the initial feedstock (COD 
=143.33 g/L ;TOC =30.67 g/L) and the results indicate that the greater part of the feedstock 
carbon was transferred into the solid phase but there are some losses as VOC and further 
work on this aspect for sustainability modelling is necessary.  
The total solids follow the same pattern as expected, post filtration, and are in the range 18.6 
to 27 g/L except the filtrate at 200°C when the TS increased to 44 g/L. The precise 
relationship between solids and reaction conditions needs further work with an increased 
emphasis on the suspended solids mass balance to understand more about the coagulating 
effect of HTC and the mechanisms that result in the generation of char.  
The pH of the liquid products was acidic regardless of the pH of the feedstock which was around 
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5.7, and is explained by the hydrolysis of sugar monomers that produce organic acids (Bobleter, 
1994; Sevilla and Fuertes, 2009a). The pH of the liquid products did not show significant change 
under different reaction conditions (4.4-5, for 170-200°C), The exception was the relatively 
higher pH (close to neutral) obtained at the lower temperature 140°C for short reaction  times 
(30-60 min) Increasing the reaction time to 4 hrs decreased the pH to 3. Escala et.al (2012) 
reported similar pH (5) for raw sewage sludge carbonized at 180°C-200°C for 141-308 min, 
but higher pH (6.9) from pre-stabilized sewage sludge. The dissolved organic carbon they 
reported was in range 31.4-53 g/L, higher than the COD reported in Table 5.1 for the same 
conditions (25.9-30.1g/L). 
5.4.2 Effect of HTC reaction time on AD performance 
Studies on the influence of HTC reaction conditions on faecal waste and how it affects the 
separated liquid characteristics, in terms of anaerobic digestion and gas yields are limited. As 
mentioned in Chapter 2 and in the earlier discussion the published findings on the effect of 
HTC residence time are contradictory. 
Figure 5.2 and Figure 5.3 show the % of COD removal and the biogas production of the  
HTC effluent treated at 140°C with different reaction times, at a flow rate of  10 L/d 
(HRT=0.9d). 
 
 
Figure 5.2: Percentage of COD removal during AD treatment of HTC effluent at 140°C for 
30min, 60min, 120min, 240min. 
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Figure 5.3: Results of biogas yield during AD treatment of HTC effluent at 140°C for 30min, 
60min, 120min,240min. 
The data shows that as the HTC reaction time increases, the average AD performance 
improves (this is more apparent for average biogas yield) having the best performance at 
120 minutes reaction time. This observation contradicts with previous work published by 
Heilamn et al. (2010) who report that reaction time had no significant effect on HTC. 
Increasing, the HTC retention time beyond 120 minutes reduced digestor performance, 
(Figure 5.4) probably due to the production of more complex, recalcitrant chemical 
compounds (the graph suggests a decreasing trend in COD removal and average biogas 
production at 240 minutes. This hypothesis is confirmed by OUR studies reported in Section 
5.4.5. 
Using the average values of the AD performance indicators for both 140°C and 180°C 
(Figure 5.4 a and b) the effect of the HTC reaction time is more clearly illustrated. 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
0 20 40 60 80 100 120 140 160 180 200
B
io
g
a
s 
p
ro
d
u
ct
io
n
  
(L
/L
re
a
ct
o
r/
d
) 
Days 
140°C, 30' 140°C, 60' 140°C, 120' 140°C, 240'
 
94 Effect of HTC reaction conditions on AD performance 
 
 
Figure 5.4: Percentage of COD removed and the biogas produced for digestion of: a) 140°C; 
and b) 180°C HTC filtrate. 
Ripley’s ratio was measured daily and during the whole duration of the experiments it was 
below 0.3, which indicates stable AD operation corroborating the high COD removal. 
Extending the HTC reaction time, resulted in an increase in the solubilisation of COD and 
consequently the AD load. AD resulted in higher conversions of COD to biogas for HTC 
treatment times up to 120 min at 140
º
C and 90 min at 180
º
C. Further increase in the reaction 
time reduced the AD performance. The results suggest that increasing the duration of the 
reaction released more soluble substrate and generated more biogas up to an optimum point 
after which further increases reduced performance. 
 
140ºC 
180ºC 
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5.4.3 Effect of HTC reaction temperature on AD performance 
The data in Figure 5.4 indicates a lower performance at the higher temperature therefore 
extra experiments conducted over a wider HTC reaction conditions range are recommended 
to improve the reliability of the data.  The average results are shown in Table 5.2 and Figure 
5.5. It is assumed by these results that the severity of conditions (temperature and holding 
time in the reactor) affects biodegradability (Figure 5.5). Biogas production was the most 
sensitive to HTC reaction conditions, with a trend of lower temperatures leading to greater 
biogas yield. The consensus from the literature review was that an increase in temperature 
above 150°C increases solubilisation, increases the organic matter in the liquid fraction, and 
results in a higher biogas yield. Charing or blackening of the HTC solids was observed at 
140°C only at 240 min retention time and at higher reaction temperatures 
The percentage of the methane in the biogas produced was stable throughout the experiment 
ranging from 63.5–77.7%. Typical percentage of methane after AD of organic solids and 
liquid waste is around 50-60%. Stoichiometrically, 1 kg of COD  produces 0.35 m
3 
or 0.25 
kg of methane at STP when the COD is an ideal substrate with a similar hydrocarbon molar 
ratio as acetate, (Khanal 2008). Yields from the 140°C HTC filtrate digestion to STP were 
between 0.13–0.27L CH4 /g COD removed and 0.09–0.12 LCH4/g COD removed for the 
filtrate at 180°C. The lowest AD efficiency was recorded from HTC treatment at 200°C with 
the biogas yield of 0.04 L CH4/g COD removed. Thus, it can be suggested that the lower the 
temperature of the HTC treatment the greater the transformation to methane. The lower 
biogas yields obtained at higher temperatures could be attributed to the reported formation 
of refractory, less degradable COD (Penaud et al. 1999) such as the Maillard reaction 
products in the liquid fraction (Falco, Baccile, et al. 2011). 
Wirth et al. (2015) conducted AD experiments of liquid product (liquor) produced from 
HTC  treated sewage sludge. They used 200°C for 6 hours and reported methane yields in 
the range of 0.144–0.178 L CH4/g COD for different organic loading rates (OLRs) between 
1–5 g/L. This is higher than the value reported here for 200°C. There were operational 
differences as Wirth et al. used sewage sludge at a higher dilution 2-3% compared to 10% 
synthetic faeces employed here. They also used a CSTR, the latter might suggest better 
mixing and more metabolic activity compared to a greater coagulation to the biofilm in the 
fixed film reactor. However, this is speculative and further work to investigate these 
differences is therefore needed. 
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Table 5.2:  Overview of AD performance for HTC filtrates processed at different 
temperatures and reaction times. Standard deviations are given in parenthesis. 
 
HTC 
Temperature 
 
 
140°C 
 
 
170°C 
 
 
180°C 
 
 
200°C 
 
HTC time 
(min) 
 
30 
 
60 
 
  120 
 
240 
 
 
60 
 
 
30 
 
90 
 
120 
 
 
30 
OLR 
(gCOD/L/d) 
2.217 2.730 3.674 4.755  1.115  3.223 3.646 1.842  1.813 
COD 
removal % 
77.3 
(±0.979) 
64.0 
(±6.383) 
85.9 
(±3.517) 
88.4 
(±4.115) 
58.2 
(±12.942) 
76.3 
(±2.315) 
78.0 
(±3.844) 
75.8 
(±2.377) 
62.0 
(±6.066) 
Biogas yield  
(Lgas/ 
Lreactor/d) 
0.453 
(±0.148) 
0.599 
(±0.319) 
0.861 
(±0.155) 
0.744 
(±0.256) 
0.326 
(±0.231) 
0.311 
(±0.183) 
0.449 
(±0.264) 
0.451 
(±0.246) 
0.07 
(±0.079) 
CH4 (L/gCOD 
removed) 
0.197 
(±0.015) 
0.269 
(±0.015) 
0.203 
(±0.016) 
0.132 
(±0.012) 
0.376 
(±0.0.17) 
0.094 
(±0.008) 
0.118 
(±0.007) 
0.118 
(±0.015) 
0.045 
(±0.001) 
COD 
effluent (g/L) 
 
4.52 
  
9.60 
 
4.56 
 
4.89 
 
8.41 
 
6.88 
 
7.20 
 
7.27 
 
11.83 
            Numbers in parenthesis represent the standard deviations. 
To summarize, the results obtained show an inverse correlation with temperature, agreeing 
with previous observations that the degree of carbonization and aromatization is linked with 
HTC temperature (Penaud et al., 1999). Increased reaction time also reduced AD 
performance. 
Total organic carbon (TOC) on the other hand was less affected by HTC conditions (Figure 
5.6). It can be suggested, therefore, that this data supports the possibility that some COD 
removal may be as a result of coagulation with the biofilms but this needs more extensive 
data.  
 
97 Effect of HTC reaction conditions on AD performance 
 
Figure 5.5: Results of a) COD removal and b) biogas yield, during AD treatment of HTC 
effluent carbonised at 140–200°C for 30–240 minutes. 
 
Figure 5.6: Total organic carbon (TOC) of liquid filtrates after 140-200°C and 30-240 min 
HTC treatment. 
5.4.3.1 Kinetics 
It has been widely reported in the literature that methanogenesis was the rate limiting step of 
AD for soluble substrates, whereas hydrolysis (solubilisation) was rate limiting for solid 
feedstocks. Based on the assumption of a soluble substrate confirmed by previous research 
using similar feedstock (Wirth et al. 2015), the Chapman model (Pohl et al. 2012), was used 
to determine the kinetic constants for methane production (Equation 1, Table 5.3). 
YCH4=YCH4 max *(1-exp
1-km*t
) 
c                                                
(1) 
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As the treatment HTC temperature rises the methanogenesis became slower except for the 
filtrate from HTC at 180°C for 30 min which was out of line and showed a much higher 
constant compared with that of 170°C filtrate and those from longer HTC treatment times at 
the same temperature. This was an interesting result and supports the hypothesis that there 
can be variation in the optimum conditions depending on the details of the HTC conditions 
but this needs further work.  Wirth et al (2015), working at high temperature and reaction 
time of HTC, 200°C for 6 hours, reported a kinetic constant of 0.044 closer to that obtained 
here at lower temperatures Table 5.3,  whereas an ideal substrate such as the acetate is 
expected to produce methanogenesis constants in the range of 0.2–0.7 (Fukuzaki et al. 
1990).  Moestedt et al. (2015), however, reported methanogenesis constants between 0.02–
0.09 during the AD of mixed food, slaughterhouse waste and glycerin all considered to be 
highly biodegradable substrates. 
Table 5.3: Methanogenesis contants for each HTC filtrate 
HTC temperature 
(
o
C) 
    HTC time  
(min) 
Methane production constant  
(km) 
140 30 6.96*10–4 
 60 1.01*10–2 
 120 9.46*10–3 
 240 6.70*10–2 
170 60 1.59*10–4 
180 30 3.27*10–2 
 90 2.35*10–7 
 120 1.37*10–7 
200 30 8.92*10–8 
 
The COD concentrations in the effluent of the digesters range between 4.5–11.8 g COD/L 
according to the different strengths of feedstock filtrates. The percentage of COD removed 
was typical of AD (50-80%) and stable throughout the operation as judged by the standard 
deviations (Table 5.2). However, the organic concentration in the final effluent was still high 
and further treatment would be needed if disposal to the environment is to be considered. 
Recycling the effluent back to the head of the treatment works has been commonly used for 
all types of digestion supernatants but may cause problems if the refractory COD was to 
accumulate. 
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5.4.3.2 COD conversion 
The COD removal based on methane production was calculated using the theoretical 
relation (for a perfect substrate) mentioned previously (1g COD consumed produces 0.35 L 
of methane) and this was compared to the percentage of COD removed calculated based on 
the soluble effluent (Table 5.2). Only 19.5–47.2% of the COD was converted to methane 
(Figure 5.7) although the COD conversion based on the soluble effluent was a lot higher 
(58.2-88.4%).Two possible explanations for this discrepancy could be that some COD was 
converted into new biomass by microbial growth and the accumulation of solids in the AF 
digesters. Or it can be suggested that some COD removal was from coagulation within 
biofilms but this need more extensive data. The low biogas measurements reported (most in 
the range of 1–3 L) were at the accuracy limits of the instrumentation, but other non-
analysed components e.g. hydrogen and VOC could have contributed to the overall mass 
balance.  
 
 
Figure 5.7: Comparison of measured COD removal calculated based on dissolved COD in 
the effluent and the theoretical one, based on the methane production. 
5.4.4 Effect of solids concentration in feedstock 
Another parameter that was subject of investigation was the percentage of solids in the initial 
synthetic waste. In all the experiments described above the percentage of initial solids in the 
synthetic was 10% and this was used for convenient operation but also because in the treatment 
system described in the Chapter 1 the goal is to minimize the volumes of the water used. 
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However, if HTC followed by AD is to be applied to conventional sewage sludge treatment (3-
6% solids) it is important to have data on any difference that the influent’s concentration of 
solids may have on the AD performance. Thus, feedstocks of 5% and 10% solids treated at 
180°C for 90minutes were anaerobically digested to compare the performance achieved. The 
results are shown in Figures 5.8-5.9. 
 
 
Figure 5.8: % COD removal during AD of HTC effluent liquid treated at 180°C for 90 min 
using 5 and10% solids in the initial feed. 
 
Figure 5.9: Biogas yield during AD of HTC effluent liquid treated at 180°C for 90 min using 
5 and10% solids in the initial feed. 
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The doubling of the percentage of solids in the initial synthetic feedstock of HTC does not 
have any significant effect on the AD performance. Regarding the average values of the 
indicators used (Figure 5.8 and Figure 5.9) higher percentage of solids results in slightly 
lower COD removal percentage (79.0 for 5% solids compared to 77.9 for 10% solids) but to 
similar biogas yields (0.49 L/L/d for 5% solids and 0.52 L/L/d for 10% solids). 
5.4.5 Effect of hydraulic retention time on AD 
Two AD hydraulic retention times of 1.8 d and 0.9 d were tested. The main difference 
observed was on the biogas production (Table 5.4). Decreasing the hydraulic retention time, 
by increasing the flow rate and the organic loading rate, improved the performance. The gas 
yield was more than double for the lower retention time (0.9 d) in all the experiments. 
Specifically, when the lower HRT was employed the biogas yield was 1.8 to 6.8 times 
greater. This is supported by the literature on biomass retaining  reactors  which  have  a  
typical  retention  time  of  5–10  hours   and   loading   rates   up to 40 kg COD/m3/day for 
the highly treatable wastes (Zheng et al. 2012). This assumption (higher organic loading rate 
leading to higher biogas yields) could not be claimed before these experiments due to the 
low performance and high COD load-inhibition that occurred in the 1
st
 set of experiments 
(4.4.2) before the dilution of the feed was applied. Further work is needed to identify the 
maximum load but this data obtained corroborates the earlier conclusion that the longer the 
HTC reaction time or the higher the temperature the greater the proportion of refractory 
organics. 
Table 5.4: Biogas production after AD of different HTC conditions filtrates under two HRT 
times. 
HTC 
temperature  
(
o 
C) 
HTC 
 time (min) 
  
 
  Biogas yield 
           (L/L reactor/day)  
 
(
%
) 
COD removal 
 
  HRT = 1.8 d HRT = 0.9 d  HRT = 1.8 d HRT = 0.9 d 
140 30 0.250 0.453  73.9 77.3 
 60 0.089 0.599  55.3 64.0 
 120 0.215 0.861  90.3 85.9 
 240 0.197 0.744  92.2 88.4 
180 30 0.089 0.310  75.1 76.3 
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Figure 5.10: Comparison of biogas yield of 140 °C filtrates at AD HRT of 1.8 and 0.9 days 
(5 L/d and 10 L/d flow rate, respectively). 
 
 
Comparing the COD removal achieved with the different HRTs, it can be seen that the 
higher flow rate does not have a significant effect on removal but enables greater metabolic 
conversion to gas.  
Additional anaerobic digestion HRT experiments were carried out on filtrate from the HTC 
run at 180°C for 90 min, since char was produced at this temperature but not at 140°C. The 
data is shown in Figure 5.11. Gas yields at 0.45 days are similar to those achieved at 140°C 
and suggest that char production without prejudicing the treatability of the filtrate could be 
possible. 
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Figure 5.11: Biogas yield during AD treatment of HTC effluent at 180°C for 90 minutes 
with AD hydraulic retention times of 0.45–3.6 days. 
5.4.6 Biodegradability 
In all the above sections the results lean to the assumption that lower HTC reaction 
temperatures lead to greater biogas yield. In order to confirm this international standard 
biodegradability tests (see Chapter 3) were carried out and are detailed in the following 
Section (5.4.6.1).  
5.4.6.1 BOD and Respiration rate tests 
The reduction in biodegradability with increased HTC temperature was supported by both 
BOD and respiration rate measurements shown in Figure 5.12(a-b). The graphs of these two 
indicators show the same trend as biogas yields. With the increase in HTC temperature a 
decrease in the respiration rate and the BOD occurs. Standard Biological Methane Potential 
(BMP) tests were also used but gave poor reproducibility compared to respiration rates and 
are not reported. 
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Figure 5.12: a) Respiration rate; and b) BOD of liquid filtrates after HTC treatment at 140–
200°C and 30–240 min. 
5.4.6.2 Analysis of the organic compounds in the HTC effluent 
Although the formation of difficul-to-treat complex molecules through intramolecular 
reactions during hydrothermal treatment (HT) of sludges have been reported (Penaud et al., 
1999), the conditions leading to these products have not yet been fully elucidated. Thus, in 
order to further investigate the chemical changes taking place, the biodegradability of the 
HTC liquor and the presence of Maillard reaction products, GC-MS analysis conducted in 
HTC treated samples (synthetic faeces of 5% solids) at different temperature and retention 
times. The results of this analysis are presented in Table 5.5.  
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Table 5.5: GC-MS analysis of 5%solids HTC treated synthetic faeces samples at various T 
and retention time. 
Sample % of total Compounds 
140°C 240 min 98.965 Water 
 0.018 CO2,N2 
 0.423 Acetic acid 
 0.034 Acetic acid methyl ester 
 0.029 Propanoic acid 
 0.038 2-methyl propanoic acid 
 0.126 3-Furaldehyde 
 0.019 3-Methyl Butanoic acid 
 0.005 Pentanoic acid methyl ester 
 0.057 Butyrolactone 
 0.194 Glycerin 
   
160°C 60 min 98.487 Water 
 0.018 CO2,N2 
 0.127 Acetic acid 
 0.022 Propyl compound 
 0.657 2-furancarboxaldyhe 
 0.204 3-furaldehyde 
 0.035 3-Methylbutanoic acid 
 0.102 2-furancarboxaldyhe, 
5-methyl 
 0.156 Glycerin 
 0.045 Hexanoic acid 
 0.097 Benzeneacetaldehyde 
   
160°C 120 min 97.171 Water 
 0.008 CO2,N2 
 0.912 Acetic acid 
 0.255 Acetic acid methyl ester 
 0.122 Propanoic acid 
 0.013 2-methyl propanoic acid 
 0.697 2-furancarboxaldyhe 
 0.356 Glycerin 
 0.069 Cyclohexandione 
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 0.045 Benzeneacetaldehyde 
   
160°C, 240 min 98.477 Water 
 0.265 Formic acid 
 0.314 Acetic acid 
 0.244 Acetic acid methyl ester 
 0.274 2-furancarboxaldyhe 
 0.020 2-Hexene 
 0.069 Glycerin 
 0.194 Benzeneacetic acid 
   
180°C, 30 min 97.185 Water 
 0.487 Acetic acid 
 0.223 Acetic acid methyl ester 
 0.298 Propanoic acid 
 0.706 2-furancarboxaldehyde 
 0.021 Pentanoic acid 
 0.074 Butanoic acid ,3-methyl ester 
 0.064 Butanoic acid, 2-methyl ester 
 0.044 Pantolactone 
 0.090 Benzeacealdehyde 
 0.253 4-methyl phenol 
 0.041 Maleic hydrazide 
 0.044 Benzoic acid 
 0.469 Benzeneacetic acid 
   
180°C 60 min 93.544 Water 
 0.814 Formic acid 
 0.290 Acetic acid 
 0.486 Unknown 
 1.745 2-Furancarboxaldehyde 
 2.569 Glycerin 
 0.553 1,2-Cyclopentanedione, 
3 methyl 
   
180°C 120 min 63.663 Water 
 4.680 Formic acid 
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 0.969 Acetic acid 
 9.445 2-propanone, 1 hydroxy 
 3.682 2-Furancarboxaldehyde 
 15.479 Glycerin 
 1.287 1,2-Cyclopentanedione, 
3 methyl 
 0.795 2-Furancarboxaldehyde, 
5-methyl 
   
180°C 240 min 79.012 Water 
 0.727 Formic acid 
 0.615 Acetic acid 
 2.167 Acetic acid methyl ester 
 0.550 3-Furaldehylde 
 0.152 2-Furancarboxaldehyde, 
5-methyl 
 11.514 Glycerin 
 0.376 3-pyridinol 
 0.548 Pyridinone,5-methyl 
 0.283 2-Furancarboxaldehyde, 
5-methyl 
   
200°C 15min 96.527 Water 
 0.067 Formic acid 
 0.297 Acetic acid 
 1.119 Acetic acid methyl ester 
 1.226 3-furnan 
 0.060 2,5-dimethyl -Pyrazine,  
 0.082 2-Furancarboxaldehyde 
 0.064 Unknown 
 0.282 Benzeacetealdehyde 
 0.032 Unknown 
 0.124 4-methyl phenol 
 0.032 Benzoic acid 
 0.078 Benzeacetic acid 
 0.010 Benzenepropanic acid 
   
200°C 30min 90.413 Water 
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 0.614 Formic acid 
 0.672 Acetic acid 
 3.287 Acetic acid methyl ester 
 0.118 Unknown 
 2.107 3-furaldehyde 
 0.211 2-Furancarboxaldehyde, 
5-methyl 
 1.049 Glycerin 
 0.624 1,2-Cyclopentanedione, 
3 methyl 
 0.332 2-Furancarboxaldehyde,5-
hydroxymethyl 
 0.571 Benzeacetic acid 
   
200°C 60min 81.125 Water 
 0.177 Formic acid 
 3.667 Acetic acid 
 0.180 Acetic acid methyl ester 
 1.759 3-furaaldehyde 
 1.852 Unknown 
 5.864 Glycerin 
 1.860 1,2-Cyclopentanedione, 
3 methyl 
 0.443 Furancarboxylic acid methyl 
ester 
 0.655 3-pyridinol 
 0.677 2-(1H)-Pyridinone, 5-methyl 
 1.740 2-Furancarboxaldehyde,5-
hydroxymethyl 
   
200°C 120min 86.317 Water 
 0.214 Formic acid 
 1.865 Acetic acid 
 0.407 Acetic acid methyl ester 
 0.158 Propanoic acid 
 1.310 3-furaldehyde 
 0.699 Unknown 
 0.370 2-Furancarboxaldehyde, 
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5-methyl- 
 5.126 Glycerin 
 1.905 2-Cyclopenten-1-one, 2-
hydroxy-3-methyl 
 0.408 2-Pyrrolidinone 
 0.592 3-Pyridinol 
 0.216 3-Pyridinol, 2-methyl- 
 0.268 2-Furancarboxaldehyde,5-
hydroxymethyl 
 0.145 Benzenacetic acid 
   
200°C 240min 77.9988 Water 
 1.948 Formic acid 
 3.564 Acetic acid 
 1.275 Acetic acid methyl ester 
 0.338 Propanoic acid 
 0.597 3-furaldehyde 
 11.885 Glycerin & 2-Cyclopenten-1-
one-, 2-hydroxy-3-methyl- 
 1.231 3-pyridinol 
 0.797 4-amino phenol 
 0.377 2-Furancarboxaldehyde,5-
hydroxymethyl 
 
Chemical compounds which are known products of hydrolysis of organic matter and show 
great biodegradability such as acetic acid, formic acid, propanoic acid, butanoic acid, 
benzeneacetic acid (Goto et al., 2004; Sevilla &Fuertes 2009) were identified in the HTC 
filtrates. Glycerin is present as well which is easily degradable by AD, being a polyol 
compound. Ketones, phenols and aromatic compounds were also identified suggesting that 
the HTC follows hydrolysis, dehydration, decarboxylation, condensation, polymerization and 
aromatization (Sevilla & Fuertes, 2009). Maillard products such as furans, aldehydes, 
pyridines, pyrazines were present and the detailed thermal reaction paths for the production 
of these compounds was reported by Martin et al., (2001). The ketosamines, formed through 
Amadori rearrangement, are intermediates and react further to produce through several path 
ways different heterocyclic compounds, such as pyrazines, pyrroles, pyridines, furanones, 
furans, oxazoles, imidazoldines. Specifically, the furfural compounds (furaldehyde and 
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furancarboxaldehyde) which are considered inhibitors for anaerobic digestion (Ran et.al, 
2014) are present in all the samples. At the lower temperature these compound are present in 
low concentrations (at 140°C for 240 mins just 3-furaldehyde is detected at 0.126%, as at 
160°C for 60 mins the concentration of furfurals in total is 0.963%). The percentage of these 
compounds increases with reaction time up to a maximum point beyond which the percentage 
falls again possibly because these compounds react further to form different compounds such 
as pyridines, pyrazines. These observations lead to the conclusion noted earlier that besides 
temperature that, as expected is an important factor for the formation of Maillard reactions 
products, residence time is also crucial. 
As the temperature rises the variety and the complexity of the compounds detected becomes 
greater. For example, 5-hydroxymethyl, 2-furancarboxaldehyde (5-HMF) was only present 
in HTC filtrate treated at 200°C and over 60 minutes. Penaud et al. (1999) reported the 
formation of melanoidins in thermally pre-treated sludges at 170
o
C. Namioka et al. (2011) 
reported that the concentration of aldehydes and light aromatics increased slightly following 
hydrothermal torrefaction of dewatered sewage sludge at 200
o
C for 30 min. 
At temperatures below 200°C and at low residence times the Maillard compounds detected 
are mostly furans, whereas longer residence time and high temperature lead to the formation 
of aromatic hydrocarbon structures which are not easily degraded (furan to arsenic 
compounds ratio <1), (Falco et al., 2011;Gaspard et al., 2014). 
The analysis results of some samples at 180°C for 120min show an acetol is present at high 
percentage (9.945), the 1-hydroxy-2 propane but the water content was much lower than 
expected suggesting the sample may have been contaminated.  
 
The same analysis was conducted for samples of 10% initial solids fed to the digesters as well 
as for effluent samples after AD (Table 5.6, 5.7). 
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Table 5.6: GC-MS analysis of 10% solids HTC treated synthetic faeces samples at various T 
and retention time. 
Sample % of total Compounds 
140°C, 30’,10% 86.657 water 
 5.864 Acetic acid 
 4.668 Propanoic acid 
 0.538 Propanedioic acid, dimethyl 
 0.412 Butanoic acid 
 0.457 Butanoic acid, 3 methyl 
 0.644 Butanoic acid, 2 methyl 
 0.364 Phenol, 4 methyl 
 0.354 Benzeneacetic acid 
 0.026 Indole 
   
140°C,60’, 10% 96.6 water 
 2.238 Phenol, 4methyl 
 0.552 Benzenepropanoic acid 
 0.320 Phenol 
 0.225 Acetic acid 
 0.038 Benzoic acid 
 0.021 1-H-Indole, 2 methyl 
   
140°C,120’, 10% 82.424 water 
 4.973 Acetic acid 
 0.630 1,3 Butanediol 
 0.517 Possible amine 
 11.457 Isopropyl alcohol 
 
In samples treated at 140°C for less than 240 min (Table 5.6) no Maillard compounds were 
detected. 
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Table 5.7: GC-MS analysis of AD effluents samples. 
Sample % of total Compounds 
180°C, 90’,5% 99.51 Water 
 0.271 1,5 hexadiene, 3,3,4,4 
tetrafluoro 
 0.105 Possible lactone/cytone 
 0.063 Benzeneacetic acid 
   
140°C,120’ 99.2 water 
 0.523 Acetic acid 
 0.114 2-Cyclopenten-1-2hydroxy-3 
methyl 
 0.062 Pentanol derivative 
   
140°C,240’ 100 water 
   
180°C, 30’ 99.625 water 
 0.223 2-Butanol 
 0.152 1,2 Pyrrolidinone 
   
180°C, 90’ 100 water 
   
180°C, 120’ 100 water 
 
The compounds detected in the AD effluent samples show that most of the complex 
compounds present in HTC filtrates were degraded during anaerobic digestion, or these 
were accumulated in the digester. 
Further GC-MS analysis is suggested to ensure the effect of the temperature in the 
formation of complex compounds and improve the accuracy of the existing results. 
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5.5 Conclusions 
In this Chapter the effects of HTC conditions on AD performance were investigated. Biogas 
production was the most important performance indicator as the sustainability of the process 
was of main concern. Lower temperatures resulted in higher yields. Residence time induced 
the AD performance, as a result of greater solubilisation, up to point beyond which rverse 
became the case. Dewatering of the products on the other hand is easier at higher 
temperatures and longer retention times. Thus, there was a case made for running the HTC 
at 180
o
C for 30 min which resulted in high biogas yield when the HRT was short (0.9 days) 
and producing sufficient carbonization of the char. 
The results show also that low AD hydraulic retention times, typical of high rate fixed 
biomass digesters were suitable, to treat the HTC liquid from sewage sludge. 
GC-MS analysis followed the observations of the AD experiments showing that HTC 
temperature but also residence time are crucial for the extent of HTC reactions occurring. 
The more intensive the HTC conditions, the more complex and greater the extent of 
Maillard reactions. Standard biodegradability tests, respirometry and BOD, also supported 
previous work that HTC conditions at higher temperatures and durations reduced 
biodegradability. There was however no evidence from the GC MS, following AD, that 
these browning products persisted but more work with this complex analysis was 
recommended.  
Levels of COD in the digester effluent were still high, indicating further treatment would be 
required if release into the environment or if recycling was considered and this is discussed 
in Chapter 6.  
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6 Study of adsorption capacity of 
hydrochars produced by synthetic 
faeces, sewage sludge and natural 
materials  
6.1 Overview 
In this Chapter the adsorption capacity of the hydrochars produced from sewage sludge 
(CAMBI), synthetic faeces (SF) and from a mixture of natural materials was compared with 
PAC (powdered activated carbon). The results indicated activation of the experimental 
hydrochars (CAMBI, SF) was necessary, specifically KOH activation increased and 
stabilised the COD removal from 33% to 59.6% for SF and 75.2% for CAMBI. The further 
activation with HCl improved the performance of SF further to 79.3% COD removal, but not 
for the CAMBI hydrochar which remained the same despite an increase in surface area 
recorded by the Brunauer–Emmett–Teller (BET) method. PAC adsorption capacity was the 
highest, greater than 90% and this was unaffected by pH, in contrast to the others materials 
tested, for which the acidic pH favoured COD and TOC removal. Analysis of these results 
led to the conclusion that the mechanism of adsorption was likely to be anion attraction. 
Further experiments to derive the kinetics of adsorption demonstrated that the reaction 
following a pseudo-second order model for all the materials. In addition, the effect of 
adsorbent dose was investigated in order to conclude with the adsorption isotherm correlating 
with reactions. The results were not clear, it was presumed though that all the materials were 
following the BET isotherm type II and IV except the PAC adsorption which was described 
by the Freunldlich isotherm. 
6.2 Introduction 
The results of Chapter 5 suggested that when treating a material high in solids and COD the 
AD effluent would probably be still high in organic compounds, and therefore not safe for 
disposal. Activated carbon has been widely studied and applied as an adsorbent for the 
removal of organic compounds, as well as metals and inorganic compounds from wastewater. 
Its widespread use however is limited due to its high cost (process requirements, recycle and 
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lifetime (Alatalo et al. 2013).Thus, research is focusing on substitutes for activated carbon 
from natural materials, industrial domestic and agricultural wastes or by-products (Crini, 
2006).  
HTC is an attractive process for producing a carbonized material as an adsorbent because of 
its low-cost, simplicity, and also being a wet process enables the use of a wide range of 
feedstocks to be processed without energy-intensive pre-treatments. The range of pyrolized or 
carbonized natural materials used as adsorbents is wide (Crini et al, 2006). 
The effectiveness of hydrochars made from natural materials such as peanut hulls and 
hickory has been reported for the removal of metals (Fang et al. 2015); where it was also 
suggested that lower HTC temperatures led to better adsorbent characteristics -higher yield, 
surface area and adsorption of methylene blue and lead. This conclusion also agreed with a 
study of Liu who compared pinewood chars from 300°C and 700°C treatment which showed 
that the lower temperature resulted in higher removal efficiencies for copper. Hydrochars and 
biochars from different materials have been also used for COD removal and reported to have 
similar adsorption efficiency as activated carbon (Parshetti et al., 2014; Mohan et al., 2014; 
Inyang et al., 2014; Zhang et al., 2013). Biochars and hydrochars from activated sludge 
specifically have been used and reported as highly efficient adsorbents in wastewater for dye 
removal (Crini, 2006), heavy metals (Inyang et al., 2012; Lu et al., 2012; Chung et al., 2015; 
Koottatep et al., 2017) and pathogen removal (Chung et al., 2015). 
As adsorption is a surface phenomenon, the chemical and physical characteristics of the char 
surface are the main parameters affecting the adsorption efficiency.  Thus, previous research 
has made use of SEM analysis to study the surface morphology, BET analysis for measuring 
the specific surface area and FTIR analysis for understanding the chemical composition at the 
surface. Carbonisation results in a greater BET surface area due to the release of volatile 
components such as cellulose and hemi-cellulose which also often leads to the formation of 
new structures (Tan et al., 2015). As the temperature of carbonization increases the surface 
functional groups of the char change as shown in the FTIR analysis. It was reported that 
peaks corresponding to bonds as C-OH, CH phenolic, and aromatic compounds were 
decreased after pyrolysis. Uchimiya et al., (2013), observed that the peaks referring to 
phenolic esters, lactons, aromatic bonds, were increased after carbonization and then 
decreased as the temperature increased further. 
Investigation of the kinetics is also necessary when practical application is designed but also 
for enlightening the mechanism of adsorption which may involve mass transport and 
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chemical reaction processes. Physical and chemical characteristics of the char affect highly 
the reaction kinetic. The steps involved are: external diffusion; internal diffusion; surface 
diffusion; and adsorption/desorption elementary processes  (Dabrowski A., 2001). 
Most of the studies on adsorption of water pollutants onto biochars use the pseudo-first-order 
and pseudo-second order kinetics model. These models provide the valuable information on 
the process involving adsorbent surface, chemical reaction, and/or diffusion mechanisms. 
The mechanisms followed in adsorption of organic contaminants to biochars-hydrochars can 
be complex as these are combined with other kind of interactions. The surface of chars is 
heterogonous having carbonized and uncarbonised sites. In addition, most of the previous 
studies have focused on a specific contaminant using synthetic wastewater. Real wastewater 
contains a variety of different organic compounds and is more complex, regarding also the 
ionic behaviour (Tan et al., 2015).  
The general types of mechanisms for organic contaminants adsorption are shown in Figure 
6.1  
 
Figure 6.1: Proposed mechanism of organic contaminants adsorption , adapted from Tan et 
al., (2015). 
These are hydrogen bonds, electrostatic attraction, pore-filling, hydrophobic interactions. 
Studies on adsorption of specific organic contaminants resulted in electrostatic attraction 
being the main mechanism with the presence of the other mechanisms contributing (Tan et 
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al., 2015). Pore filling was suggested from other researchers as the dominant mechanism 
(Chen et al., 2012; Zhu et al., 2014; Han et al., 2013; Inyang et al., 2014) and finally, Zhang 
et al., (2013) concluded that different processes are combined equally for the adsorption 
reaction of carbaryl and atrazine on pig manure-derived biochars. Summarising, the lack of 
consensus of the results regarding the precise mechanism of organic contaminant adsorption 
suggests that further investigation of this phenomenon is essential.  
The main parameters affecting the adsorption reaction apart from the char properties 
described in Figure 6.1, are: the pH, the mineral content of the wastewater, the adsorbent 
dosage and the temperature. The mechanism of electrostatic attraction is greatly affected by 
the pH and the ion content of the solution. Changes of the surface functional groups have also 
been reported as a result of changes in pH conditions.  
The optimum dosage of the adsorbent is also a reoccurring issue regarding the cost 
effectiveness of the application. Most reported research has been for metal adsorption where 
a direct link between adsorbent dose and removal has been reported (due to increased number 
of adsorbent sites). There are also reports however that access and transport to the active sites 
can also be a rate limiting step (Chen et al., 2011). 
Following the results of Chapter 5, a method to lower the organic load of the AD effluent 
could be adsorption using the HTC char produced of the synthetic faeces. 
6.3 Materials and methods 
6.3.1 Hydrochars 
The Cambi sludge was collected and filtered as described in chapter 4. Synthetic faeces were 
produced by the recipe shown in Table 3.1 (Wignarajah et al. 2006) and HTC-treated at 
180°C for 30 minutes. The sludge was collected after filtering as described in section 3.2.1. 
The natural materials (coco-peat, coco-shell, lemon-peel, eggshell and rice husk) were 
carbonised at 200°C for 20 hrs and then mixed by volume. The term Mixed Materials is used 
in the discussion section of the chapter for this mixture. PAC (powder activated carbon) was 
used as a benchmark. 
All the hydrochars were rinsed with methanol in order to remove any organics and then 
rinsed again with water. Drying was following at 105°C for 24 hrs (Titirici et al., 2007). 
KOH activation was carried out by immersing each hydrochar in 1M KOH, at temperature of 
60-70°C for 1 hr with stirring. The char was then rinsed with water until the pH became 
neutral and dried at 105°C overnight, (Chung et al., 2017; Spataru et al., 2016; Koottatep et 
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al., 2017; Liu et al., 2013). 
The subsequent HCl activation (after KOH activation ) to remove inorganics, was carried out 
by immersion of the hydrochars in 1M HCl for 1hr, followed by rinsing with water adjusting 
to neutral pH and dried at 105°C overnight, (Hameed et al., 2007; Ademiluyi, F. T.; Amadi, 
2009; Sevilla & Fuertes, 2011) . 
All the hydrochars after the treatments were stored in a cool room at 4°C.  
6.3.2 Experimental set up 
Batch test adsorption experiments 
Adsorption experiments were conducted in 250 ml conical flasks using the type of adsorbents 
mentioned above at room temperature (20-22°C). The adsorbent dose was 3g/100 ml of 
wastewater for all the experiments except those used for studying the isotherms. The 
wastewater used was the effluent from the anaerobic digestion trials (treating the synthetic 
faeces HTC- treated at 180°C for 30min). For COD adsorption Ramanandi & Puranik, (2013) 
used doses of 10-40 g of AC/l and Verma et al., (2014) used 20g GAC/L.  
 An  orbital incubator ‘Gallenkamp’ (Fisher Scientific Loughborough, UK) was used where 
the samples were shaken at constant speed of 150rpm at room temperature (20-22°C) for the 
desired contact times (10-1440 min). After the end of each experiment when Cambi and FS 
were used as adsorbents the wastewater-adsorbent mixture was centrifuged using Eppendorf 
centrifugation, 5804 (Hamburg, Germany) at 1000 rpm (106 xG) for 10 min and the 
supernatant solution was collected for analysis. For the rest of the materials paper filter 
(Chapman 11) were used to separate the effluent solution.  
Adsorptions experiments were conducted at different pH (2, 5 and 9), in order to investigate 
its effect. The adsorbent dose was constant at 30g/L of wastewater and the pH was adjusted 
to the required value using HCl / NaOH 1M solutions. Samples were taken in different 
contact times and the effluent was analysed. 
The effect of adsorbent dosage was studied in the range of 1–70 g/ L at neutral pH. 
Initial and remaining COD and TOC were measured following the methods described below.  
 
Adsorption capacity 
Total and soluble COD was determined using a COD Analyser (Palintest 2000 and 
20000mg/L, Palintest Ltd, UK), following the procedure of Standard Methods 5220 D – 
Closed Reflux Colorimetric Method. The effluent from the adsorption experiments were 
collected and diluted when necessary in the ratio 1:10. 
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TOC was analysed using TOC Analyser (DC-190, Rosemount Dohrmann, USA), in line with 
Standard Methods 5310 B – High Temperature Combustion Method. The effluent of the 
adsorption experiments were collected and diluted in the ratio 1:10 and analysed in triplicate. 
Removal percentage =
(     )
  
*100     (1) 
where Co is the initial COD or TOC value (mg/ L) and Ce is the equilibrium COD value 
(mg/L) 
 
6.3.3 Material characterization 
6.3.3.1 Specific surface and pore size distribution  
Adsorption analyses were performed to calculate the surface area and pore size distribution of 
the hydrochar variants using an automated surface area and porosity analyser (TriStar 3000, 
micrometrics
®
, Georgia U.S.). As a first step, the samples were out-gassed under dynamic 
vacuum at 110°C to evaporate any remaining water and organics, using FlowPrep 060 
Degasser (micrometrics
®
, Georgia U.S.). Hydrochar samples were analysed using N2 as the 
adsorbing gas at 77K (-196°C). N2 is dosed to the solid in controlled increments. After each 
dose of adsorption, the pressure is allowed to equilibrate and the quantity adsorbed is 
calculated. The quantity adsorbed at each pressure (and temperature) defines an adsorption 
isotherm from which the quantity of gas required to form a monolayer over the external 
surface of the solid is determined. With the area covered by each adsorbed gas molecule 
known, the surface area can be calculated. The method used was multi-point Brunauer-
Emmett-Teller analysis which is a model of adsorption incorporating multilayer coverage. 
Pore size distribution in the range of micro and mesopores was determined by Barrett-Joyner-
Halenda (BJH). 
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where ,    =Monolayer adsorption amount 
and                                                            
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6.3.3.2 Fourier Transform Infrared Spectroscopy 
The FTIR spectrometry measurements were carried out by placing few grams of the dry 
sample on the platform after which compression tip is screwed down to ensure that it is in 
contact with the Attenuated Total Reflectance (ATR) crystal. Radiation from the source 
enters the ATR crystal where it undergoes a series of total internal reflections before exiting 
the crystal. During each reflection, the radiation penetrates the sample to a depth of a few 
microns. The result is a selective attenuation of the radiation at those wavelengths where the 
sample absorbs. A blank was first analysed by wiping the sample platform and analysing 
without any sample placed on it the check how clean the sample platform is. This was 
repeated before each sample was analysed. 
6.3.3.3 Scanning Electron Microscopy Energy 
Scanning electron microscopy was carried out on a Leo (Carl Zeiss) 1530 VP field emission 
gun SEM (FEGSEM). The treated sample was first mounted on a 12.5mm aluminium stub 
using conductive adhesive carbon tabs. Samples were then sputter-coated with 
gold/palladium to produce a 5 – 10nm conductive layer to facilitate analysis. 
The surface morphology of the adsorbents was examined at different magnifications (100x, 
250x, 1000x and 5000x).  
6.4 Results and discussion 
6.4.1 Surface morphology 
Samples before and after KOH- and HCl- activation were observed by SEM considering the 
effect on the surface of the hydrochars. The SEM images do not show clear differences, the 
results are inconclusive and more work is needed. The Cambi chars show rougher and more 
complex surfaces than SF; this was assumed to be due to the more complicated composition 
of the real sludge. 
The KOH- and the additional HCl-activation for Cambi hydrochar produced a reduction in 
the diameter of the hydrochars’ fibres and exposed more of the underlying structure 
presumably as a result of extra solvation of the organics. KOH activation of the SF hydrochar 
also resulted in washing away smaller particles and smoothing of the surface with the 
additional HCL treatment extending this smoothing. 
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Figure 6.2: SEM images of Cambi (a,d), KOH activated Cambi (b, e) and KOH –HCl 
activated Cambi (c,f) hydrochars. 
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Figure 6.3: SEM images of FS (a,d), KOH activated FS(b, e) and KOH –HCl activated FS 
(c,f) hydrochars. 
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6.4.2  Specific surface and pore size distribution  
The results of the BET surface area, total pore volume and pore diameter of non-activated 
and activated samples of SF and Cambi are shown in Table 6.1. The pore size width for all 
the samples was found to be in the range of mesopores (2-50 nm),   according to Zdravkov et 
al., (2007); this classification is in accordance with the Thomson-Kelvin capillary 
condensation equation. Such pore sizes are reported to allow for monomolecular, 
polymolecular and pore filling through capillary condensation.   
It is apparent that the activation processes enhanced the BET surface area of the two types of 
hydrochars, the Cambi char however was affected to a greater extent. KOH-activation 
increased the surface area of Cambi by 2.8, compared to SF which increased only slightly. 
However, after the additional HCl treatment the surface area of SF was increased by 2.5 
times whilst that for Cambi char increased by a factor of 4. 
The range of BET surface area achieved, even after activations, was as expected much more 
than two orders of magnitude lower than commercially activated carbon-PAC (993 m
2
/g). 
The specific surfaces were, however, close to what was reported by Koottatep et al. (2017) 
for similar carbonized natural materials (4.03 m
2
/g for carbonised FS and 4.41 m
2
/g for KOH-
FS hydrochar). Chung et al. (2017), though, using hydrochar of sewage sludge found higher 
BET surface area of 25.3 m
2
/g which, in contrast to the above results, was reduced after KOH 
activation to 18.5 m
2
/g. 
Table 6.1: Surface and pore size characteristic of CAMBI and SF activated and non-activated 
hydrochars. 
Hydrochar 
samples 
 
BET 
surface 
area 
(m
2
/g) 
Total pore 
volume 
(cm
3
/g) 
BJH adsorption 
average pore size 
width (4V/A) 
(nm) 
BJH desorption 
average pore size 
width (4V/A) 
(nm) 
CAMBI 0.95 0.047 10.85 20.85 
CAMBI KOH 2.75 0.013 12.09 9.67 
CAMBI KOH+HCl 8.72 0.037 11.69 10.75 
SF 0.41 0.001 10.01 13.57 
SF KOH  0.46 0.001 7.83 11.41 
SF KOH+HCl 1.17 0.003 8.84 11.29 
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6.4.3 Surface functional groups 
 
Figure 6.4: FTIR spectrum of raw Cambi and activated Cambi hydrochars (- raw Cambi, 
-KOH-activated, - HCl-activated). 
The infrared spectroscopy for Cambi revealed similar peaks for both the plain hydrochar and 
for the two activated hydrochars (KOH and KOH+HCl); thus, these activations do not 
probably significantly change the chemical composition of the surface functional groups.  
The broad feature between 3200 and 3400 cm
-1
 can be attributed to OH stretching vibrations 
in the hydroxyl and carboxyl groups. The bands at around 2916 and 2849 cm
-1
 are due to 
aliphatic C–H stretching vibrations. Two bands at 1600 and 1500 cm-1 can be attributed to 
C=C rings (stretching vibrations) and consequently the features at 1330-1430 cm
-1
 could be 
due to O-H bending. The features between 1800-2300 cm
-1
 that appeared in plain and KOH -
activated hydrochar are probably noise. 
A less intense vibration of C–H was observed at the wavenumbers from 2850-2920 cm-1 after 
activation. It is suggested that this was due to OH deprotonation at the Cambi char surface, 
which also remained after the extra HCl treatment. To sum up, the FTIR profile for Cambi 
char led to the conclusion that carboxyl acids and their derivatives were the main surface 
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characteristics. 
 
Figure 6.5: FTIR spectrum of SF comparing with activated SF hydrochars (-SF, 
 -KOH-activated SF, -HCl- activated SF). 
The FTIR spectrum for the SF chars (Figure 6.5) was not significantly different from the 
Cambi one, as the materials are similar. Likewise broad features at 3200-3400 cm
-1
 and 
sharps at 2851-2969 cm
-1
 were observed referring to OH stretching and C–H stretching 
vibrations, respectively. The OH stretch band after activation is more intense, the C-H, and 
the C=O bands, on the other hand, reported with less intensity. This observation is stronger 
after the HCl treatment. The remaining bands at 1650-1550 cm
-1 
and at 1400 cm
-1
 are thought 
to be due to C=O and C=C bonds, a with Cambi hydrochar.  
 
6.4.4 Adsorption efficiency 
A first set of adsorption experiments were conducted using faecal synthetic hydrochar (SF) 
and carbonised natural materials (coco-peat, rice husk, eggshell and lemon peel).The SF char 
gave a COD reduction of 18-33%, 41-44% TOC, and 0-57% VFA reduction after 4-6 hrs of 
contact time.  
Regarding the natural materials used, the carbonised coco-peat showed the best performance 
with 2.17-60.87% COD removal, 35.16-43.45%TOC removal; VFA adsorption 43.45-
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57.14%.The carbonised rice husk char was weakest absorber with 4.35-35.23%COD, 12.31-
44%TOC and 35.14-57.14%VFA removal. 
In order to investigate the effect of carbonisation on the adsorption capacity of the natural 
materials, coco-peat was selected for the second set of experiments since it was considered 
the most effective from the 1
st
 set of experiments. Hence, uncarbonised and carbonised 
cocopeat were compared for the adsorption of organic compound from the digester effluent. 
Uncarbonised coco-peat achieved an adsorption of 12.8-23.07% COD and 15%TOC, whereas 
the carbonised coco-peat gave higher removal of 28.2-33.3%COD and 8.21-25.87 TOC.  
The removal of the organic load achieved in these experiments was unable to achieve a 
suitable effluent COD for recycle or discharge to the environment, the fluctuations in the 
measurements was also too high and the reproducibility poor. Thus, these experiments were 
abandoned.   
6.4.5 Effect of activation  
Activation of the hydrochars is widely reported in the adsorption literature as method of 
improving the adsorption capacity and this was the basis of the next experiments. Potassium 
hydroxide was used since it is commonly reported as successful  activation technique 
(Spataru et al., 2016; Koottatep et al., 2017). In other studies HCl is similarly reported as an 
extra additive creating a positive surface (after KOH) or during the HTC process  (Qiu et al., 
2009; Sevilla & Fuertes, 2011; Hameed et al., 2007), to improve the effectiveness of the 
hydrochar. 
On this basis, the next set of experiments introduced the activation process, by comparing 
KOH-hydrochars and KOH+HCl –hydrochars of CAMBI sludge and faeces synthetic. 
Figure 6.6 and Figure 6.7 show the TOC adsorption results after the two different activations 
of the hydrochars. The sorption performance is reported to primarily depend on adsorbent’s 
surface area that should provide adequate adsorptive sites and internal pore structure to allow 
transport to this surface. These characteristics have been reported to be improved by chemical 
modification as noted by previous researchers. This was also observed in the experiments 
described here regarding the percentage of COD and TOC removal (Table 6.2). The 
performance, in terms of organic adsorption, was more stable for the activated compared to 
the non-activated chars. The COD removed increased from 18-33% for the unmodified SF 
char to 75.2% (KOH-Cambi) and 59.6% (SF-KOH). This improvement was attributed to the 
increased surface characteristic following activation as recorded by the BET and pore size 
assessment (Table 6.1). However, the increase in BET surface area for the SF-KOH 
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hydrochar was minimal, thus does not support the greater improvement in adsorption 
performance. The alternative, which is not obvious from the characterisation analysis 
performed, is a change in the hydrophobicity of the SF surface. The hydrochar is generally 
characterised by a hydrophobic interior which is stabled banded with the hydrophilic external 
surface (Roldán et al., 2012; Marta Sevilla & Fuertes, 2009). Alkaline treatment (KOH in this 
case) has been reported to increase the number of hydrophobic sites (Chung et al., 2017) for 
KOH activation of sewage sludge hydrochar, which enhances the adsorption of COD since 
the dominant part in wastewater is reported as hydrophophic (Khan et al. 2013). Thus, Chung 
et al., 2015 report even though the specific surface area of KOH-hydrochar was decreased the 
E. coli removal investigated was increased. 
 
Figure 6.6: Percentage of TOC removal for activated Cambi hydrochars 
 
Figure 6.7: Percentage of TOC removal for activated SF hydrochars 
0
10
20
30
40
50
60
70
80
90
100
30 60 90 120 240 360 1440
%
TO
C
 r
em
o
va
l 
Time (min) 
Cambi 
KOH
KOH+HCl
0
10
20
30
40
50
60
70
80
90
100
30 60 90 120 240 360 1440
%
TO
C
 r
em
o
va
l 
Time (min) 
SF 
KOH
KOH+HCL
 
128 
Study of adsorption capacity of hydrochars produced by synthetic faeces, sewage sludge 
and natural materials 
 
Regarding the benefits of two stages of activation, as observed for the Cambi hydrochar the 
additional HCl activation did not improve the efficiency of the adsorption, which remained at 
around 60%. This was in contradiction to the BET results as the surface area reported was more 
than 3 times higher than the initial KOH only activated char. However, the SF hydrochar data, 
shows better and more stable performance after the additional HCl activation, 40-53%, compared to 
KOH alone. These observations were supported by the BET results regarding the SF hydrochar as 
with the additional HCl treatment the surface area measured was increased 2.5 times. 
These experiments were conducted at constant pH conditions of 7.8 - 8 and therefore the next 
experiments investigated the effect of pH because this was likely to change the surface charge. 
Table 6.2: Percentage of TOC and COD removed for activated CAMBI and SF chars. 
Adsorbent %TOC removal %COD removal 
CAMBI  KOH 64.56 75.2 
CAMBI KOH+HCl 64.05 76.4 
SF KOH 45.7 59.6 
SF KOH+HCl 53.68 79.3 
6.4.6 Effect of pH 
The literature suggests adsorption properties are highly affected by pH, making it a crucial 
operating parameter. The results of the effect of pH on removal of TOC is represented by 
these experiments are represented in Figures 6.8-6.11. 
 
Figure 6.8: Effect of pH on TOC adsorption using KOH-Cambi hydrochar (Ratio of 
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remaining to initial TOC concentration). 
 
Figure 6.9:  Effect of pH on TOC adsorption using KOH+HCl -Cambi hydrochar (Ratio of 
remaining to initial TOC concentration). 
The degree of adsorption decreases significantly as the pH increases from 2 to 9, observed for 
both adsorbents (Cambi and SF) activated by either method. This indicates that an anion 
sorption is most likely taking place and that the surface of the material is therefore cationic, 
with a predominance of H
+
. At higher pH, the OH
-
 ions present are competing with the 
organics, (contributing to TOC and COD) for binding sites at the adsorbent surface and thus 
leading to a lower sorption capacity. However, at lower pH, the H
+ 
ions in solution do not 
hinder the sorption of the organics, increasing the removal of organics, probably by exchange 
sorption.  
 
Figure 6.10: Effect of pH on TOC adsorption using KOH-SF hydrochar (Ratio of remaining 
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to initial TOC concentration). 
 
Figure 6.11: Effect of pH value to TOC adsorption using KOH+HCl -SF hydrochar (Ratio of 
remaining to initial TOC concentration). 
 
Figure 6.12: Effect of pH on TOC adsorption using KOH-Mixed Materials (Ratio of 
remaining to initial TOC concentration). 
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Figure 6.13: Effect of pH on TOC adsorption using KOH+HCl Mixed Materials  (Ratio of 
remaining to initial TOC concentration). 
Despite the inconsistency of the measurements for the Mixed Natural Materials, it can be 
observed clearly that for the KOH-HCl activated hydrochar acidic conditions resulted in 
higher adsorption capacity. For the simple KOH-activated char pH 2 and 5 gave similar 
results and better performance compared to the alkaline conditions (pH 9). 
 
Figure 6.14: Effect of pH on TOC adsorption using PAC. (Ratio of remaining to initial TOC 
concentration). 
Activated carbon, as expected, resulted in the highest removal efficiency of organic 
compounds as the TOC measured in the effluent was 88-278 mg/L. As shown in Figure 6.14 
this efficiency was not affected by pH. 
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6.4.7 Effect of contact time 
The results obtained on the experiments investigating contact time (Figure 6.15, Figure 6.16 
and Table 6.3) show that under these conditions this had no significant effect on organic 
compound removal. The possibility of COD removal due to chemical precipitation was 
excluded by conducting an experiment without any of the chars and with and without the 
addition of HCl to lower the pH, there was no COD removal. The shortest retention time 
tested was 30 minutes. It is likely that the reaction occurred within the 30 minutes and there 
was previous data of a quick reaction as reported by (Chung et al. 2017) using similar 
material (KOH sewage sludge hydrochar) and (Koottatep et al. 2017) using faecal sludge 
hydrochar. 
 
Figure 6.15: Effect of contact time on TOC removal for activated Cambi hydrochars at pH5. 
 
Figure 6.16: Effect of contact time on TOC removal for activated FS hydrochars at pH5. 
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Table 6.3: Percentage of TOC and COD removed for activated Cambi and SF chars at pH 5. 
pH 5 %TOC removal %COD removal 
CAMBI KOH 73.83 79.5 
CAMBI KOH+ HCl 70.56 78.6 
SF KOH 57.9 70.2 
SF KOH+HCl 56.19 77.6 
 
Further experiments were recommended with shorter retention times to clarify the reaction 
rates but some assumptions were made for the kinetics can made and these are presented 
below. 
6.4.7.1 Kinetics 
A kinetic study could provide more information about the adsorption mechanisms occurring 
and also is an important aspect for scale up and design of the optimal adsorption system as 
the rate controlling steps can be estimated. Typical kinetic models used in literature are the:  
 
Pseudo First Order Model 
      (   
    )      (3) 
 
Pseudo Second Order Model 
   (
       
        
)      (4) 
 
Intraparticle Diffusion Model 
      (   
    )     (5) 
Where,   is the amount of TOC adsorbed at equilibrium (mg/g), 
   is the amount of TOC absorbed at time t (mg/g)  
and K1 (min
-1
), K2 (g*mg
-1
*min
-1
), K3 (mg*g
-1
*min
-1/2
), are the kinetic constants for each 
model.  
In this study, the pseudo second order kinetic model was found to fit the experimental data 
and describe the adsorption process of organic compounds as shown in Figures 6.17-6.22 for 
non-adjusted pH (Neutral) and pH 5. 
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Figure 6.17: Correlation of the adsorption time results with the pseudo-second kinetic model 
for the KOH-Cambi . 
 
 
Figure 6.18: Correlation of the adsorption time results with the pseudo-second kinetic model 
for the KOH+HCl Cambi. 
Comparing Figures 6.17 and 6.18 regarding the organic compound adsorption on the Cambi 
sludge, the KOH activation resulted in higher reaction rate especially on pH5 compared with 
the results for extra HCl activation, suggesting that this extra activation is probably 
obstructing the adsorption.  
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Figure 6.19: Correlation of the adsorption time results with the pseudo-second kinetic model 
for the KOH-SF. 
 
 
Figure 6.20: Correlation of the adsorption time results with the pseudo-second kinetic model 
for the KOH+HCl SF. 
Figures 6.19-6.20 show that neutral pH favor the adsorption of synthetic faecal material 
independent of the activation applied. The adsorption reaction after KOH+HCl activation 
resulted in a higher rate constant. 
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Figure 6.21: Correlation of the adsorption time results with the pseudo-second kinetic model 
for the activated Mixed Materials. 
 
 
 
Figure 6.22: Correlation of the adsorption time results with the pseudo-second kinetic model 
for the PAC. 
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Regarding the adsorption rate of the Mixed Materials the results suggest that after the extra 
HCl activation is not improved.  
As the good correlation of the results with pseudo-kinetic model was reassured with high 
correlation coefficients (R
2
)
 
,
 
the kinetic constants (k) were calculated for each adsorbent, 
from the equations obtained from Figures 6.17-6.22 and are depicted in Table 6.4.  
 
Table 6.4: Kinetic parameters of the investigating adsorbents. 
 
The higher K value is obtained using Cambi-KOH sludge under pH 5(k=11.4) and a constant 
of 8.4 is reported for the synthetic faecal material after HCl activation. The lower kinetic 
constant was for Mixed Material after HCl activation (0.002) and a small constant (0.6) was 
also calculated for the KOH-synthetic sludge in neutral pH. 
In literature there many reports correlating adsorption of metal or COD with the pseudo-
second reaction model. The reported values for k constant are in wide range. Verma et al., 
(2014) investigating the COD adsorption using GAC, obtained a K value of  8.9E-0.4, as 
Aluyor & Badmus (2008) reported values of K=3.52 and 0.049; and Koottatep et al. (2017) 
for the adsorption of Cu, gave a K value of 0.003. The constants obtained from our 
experiments are in this range but no further conclusions can be reached regarding the 
adsorption performance.  
 
 
Adsorbent 
Pseudo second order equation 
qe (mg/g) K (g*mg
-1
*min
-1
) R
2 
SF-KOH 1.00 0.623 0.934 
SF-KOH  pH5 1.26 3.899 0.998 
SF-KOH+HCl 0.95 8.397 0.997 
SF-KOH-HCl pH5 1.29 2.608 0.998 
CAMBI KOH 1.01 3.083 0.998 
CAMBI KOH pH5 0.84 11.415 0.999 
M.Materials KOH 45.25 4.852 0.989 
M.Materials 
KOH+HCl 
48.31 0.002 0.999 
PAC 46.29 4.665 0.959 
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Concerning the qe values, the SF and Cambi materials resulted in low values compared to 
mixed materials and PAC. However, Aluyo (2008), using activated carbon (made from horn), 
reported qe of 0.72 with a COD removal of 94.45% at dose of 90g/L.  
 
6.4.8 Effect of adsorption dose 
 
Adsorption experiments were conducted using the KOH-hydrochars, KOH+HCl -hydrochars 
and PAC by varying the adsorbent doses (1-70g/L) at a contact time of 1440 min. 
 
 
Figure 6.23: Effect of adsorbent dose on the percentage of COD removed for the different 
adsorbents. 
The results shown in Figure 6.23 for the 3 materials used show that the dose of the adsorbent 
does not affect the COD removal which remained almost constant over the 1- 70 g/L range. 
These results could be explained by interference in the adsorption reaction by a parameter 
that was not identified or controlled during the experiments, or that the doses were not in the 
appropriate range. Thus, further investigation is recommended. However, this was not 
observed during PAC adsorption as COD removal increased with the dose of adsorbent 
reaching a plateau at 30g/L. 
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Adsorption isotherms 
 
Freundlich  
   =     
 
 ⁄                              (6) 
log    =log   + (
 
 ⁄ )log       (7) 
where    is relative adsorption capacity of adsorbent and n is a constant related to the surface 
heterogeneity     (mg/g) is the amount of the adsorbate adsorbed on the surface per unit mass 
of solid at equilibrium  
and    (mg/L) is the concentraton of the adsorbate left in the solution when amount adsorbed 
equals    . 
 
and Langmuir 
   
      
(     )
⁄      (8) 
  
  ⁄  
 
    
⁄  
  
  ⁄     (9) 
Where   the amount of adsorbate covering the surface area of the adsorbent in a 
monomolecular coverage, known as the monolayer capacity and b is the Langmuir constant 
(L/mg). The Langmuir is governed by three assumptions: 
 Each site can take one molecule 
 The solid surface contains constant number of identical adsorption sites 
 There is no interaction between adsorbed molecules. 
The experimental data did not fit either of these, commonly used models, noted above. 
However, using the data obtained from the BET adsorption analyses of surface are with 
nitrogen, the isotherm graphs obtained (plotting the mass of the gas adsorbed with relative 
pressure (    )) are presented in Figure 6.24: 
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Figure 6.24: a-f: Adsorption isotherms for Cambi and SF hydrochars (activated and non-
activated) 
 
 
These graphs correlate well with the Type II and IV adsorption isotherm of the BET 
adsorption theory. These types of isotherms do not follow the Langmuir constrains. The 
intermediate region in the isotherm (clearer in a and c graphs) corresponds to monolayer 
formation and this is followed by the formation of multilayers. In BET equation (equation 2) 
for this adsorption type the value of C must be larger than 1 which is true for the analyses of 
these materials (Table 6.5). 
 
Table 6.5: Isotherm parameter C for the CAMBI and FS adsorbents. 
 CAMBI CAMBI-
KOH 
CAMBI -
KOH+HCl 
SF SF- 
KOH 
SF -
KOH+HCl 
C ratio 23.19 27.27 29.35 17.57 16.23 38.83 
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Figure 6.25: Freundlich isotherm for powdered activated carbon. 
   = 5 mg/g,   =1.29 
 
The adsorption of PAC, on the other hand,  showed correlation with the Freundlich model 
(Figure 6.25), resulting in a constant    = 5 mg TOC adsorbed/g PAC which is lower than 
the one reported by (Aluyor & Badmus 2008) for COD adsorption with similar materials, 
                     mg/g, where CAC is commercial activated carbon and AHC 
activated carbon from animal horn. 
 
6.5 Conclusions 
The study demonstrated a potential use of hydrochar derived from sewage sludge (Cambi) or 
faeces (synthetic material was tested, SF) in water treatment as an adsorbent of organic 
compounds. The alkali activation was shown to be essential in order to stabilise the 
performance and reach a satisfactory efficiency. Specifically, KOH activation increased the 
specific surface area for the Cambi char achieving COD removal of 75.2%, while the extra 
HCl treatment did not improve the performance (76.4%) any further despite the increase of 
the surface area measured. In contrast, the SF char needed the extra HCl activation to 
increase the specific surface area, measured by BET, which improved COD removal to 
79.3% compared to 59.6% after just KOH treatment. The highest adsorption capacity was 
reported for PAC (>90%). The SEM data was not clear enough to corroborate these results. 
The nature of the adsorption reaction was presumed to be an anion sorption, highly depended 
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on the pH, with higher removal at low pH values, for all the materials except the PAC.  
A pseudo-second order kinetic model satisfactorily described the reaction. Regarding the 
effect of the adsorbent dose, the isotherms correlated were of BET type II and IV suggesting 
a monolayer following by a multilayer adsorption, whereas the PAC results followed the 
Freundlich isotherm. However, further investigation of these reactions is required in order to 
detain more details of the kinetics and the effect of dose to improve the practical 
implementation. 
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7 Conclusions and recommendations 
 
7.1 Discussion 
The research reported here investigated HTC as an alternative waste treatment process 
transforming waste into energy and valuable by-products targeting in the complete 
sustainability of the process. 
The following flow diagram (Figure 7.1) shows the combined HTC-AD process as a package 
suggestion for a complete wastewater process.  The main steps are HTC followed by the 
separation of the products using the residual pressure for filtration. The liquid is digested 
anaerobically producing biogas which is used to heat the HTC reactor. This was the main 
focus of this study, as the separation of the products and the digestion of the liquid fraction 
has just arisen as a research question.   
Regarding the solids there are different options depending on the energy and environmental 
needs that a community has. Drying the solids produces a hydrochar which can be used as a 
fuel for combustion, or it can undergo fermentation to produce other by-products such as 
bioethanol or phenols. Other options are to use the solids as a soil ameliorant in land 
application or as an adsorbent of organic compounds. Using the hydrochar for soil 
improvement has recently been reported to increase soil fertility while providing a long-term 
carbon sink. The adsorption capacity of the HTC solids has been investigated in this study in 
case the AD effluent ineligible for recycle.  
Energy is recovered from the biogas produced during AD, which was a crucial parameter of 
this report, and optionally from the combustion of the hydrochar or the bioethanol after 
fermentation. Design option could also benefit the HTC process from the recovery of the 
steam released in the flash tank, (Figure 7.1) after the reactor, and can be used to preheat the 
waste. 
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Figure 7.1: Flow diagram of the combined HTC-AD faeces treatment process. 
 
7.2 Conclusions 
7.2.1 Anaerobic digestability of the HTC filtrate 
Following the research gaps in literature review it was essential to test the feasibility of 
digesting anaerobically the filtrates following hydrothermal carbonization. Real sewage 
sludge was used as well as synthetic faeces for more controlled experiments. 
The results for the real sludge (95-97% moisture) and Cambi processed filtrates 
demonstrated that they can be anaerobically digested as the important factors for the 
successful AD performance (stability and COD conversion) were satisfactory regarding also 
the COD removal (59% and 81% respectively). Yet, the biogas yield was really low; below 
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0.01L/L reactor/day for the sludge thermally processed in the lab, and 0.03L/L reactor/day as 
the average yield from the CAMBI processed material. 
HTC synthetic faeces (90% moisture) effluent was a feedstock of high strength (regarding the 
COD concentration) and of acidic pH causing shock load inhibition during AD. In order to 
overcome this, dilution b y r ec yc l in g  was applied s u c c e s s f u l l y . 10:1 recycling rate 
resulted in the best AD performance, with average COD removal of 66%, biogas yield of 
0.12 L/L reactor/d and TS and VS removal 81 and 88% respectively. 
Thus, dilution by recycling was confirmed as a method to cope with strong feed, providing 
buffering and recycling of nutrients supported also from previous work. 
During the digestion of the whole fraction after thermal treatment (representing the usual 
practices until now, Cambi, Veolia) operation problems occurred, such as blocking pipes, and 
inadequate pumping. The results were of the same values as the liquid filtrate digestion. The 
analysis implied that the extra solid carbon introduced to the system was not metabolized to 
benefit gas production. Collecting this amount of solids separately and implementing another 
method could improve the energetics of the process. 
7.2.2 Effect of HTC process parameters on liquid characteristics (recalcitrant 
substances) and AD performance  
The operating conditions of HTC were shown to affect the biodegradability of the residual 
COD and subsequently had an important impact on AD. Biogas yields were affected to a 
greater extent, which is consideed the main factor due to energy recovery required in the 
process. 
Liquid filtrate generated from HTC at lower temperatures produced higher biogas yields 
during AD, with HTC at 140
o
C and a shorter hydraulic retention time (HRT) of 0.9 days 
resulting in maximum yields, (0.45–0.86 L/Lreactor /d, for the different reaction time); 0.33 
L/Lreactor /d was obtained from 170°C and 0.31–0.45 L/Lreactor /d from 180°C HTC 
filtrates.  The lowest anaerobic digestion (AD) efficiency was recorded for the treatment at 
200°C with biogas yield of 0.07 L/L reactor /d. 
The results also showed that low AD hydraulic retention time, typical of high rate fixed 
biomass digesters, can be used to treat the HTC liquid from sewage sludge. Specifically the 
net HRT applied was 9 days (0.9 days including the recycling) with OLR 1.11 to 3.64 g 
COD/L. Experiments in lower HRT (3.6d) was also successful implying that further 
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reduction is possible. 
GC-MS analysis was used and demonstrated more indicator compounds from the Maillard 
reactions. Thus, it followed the observations of the AD experiments showing that HTC 
temperature but also residence time are crucial for the extent of HTC reactions occurring. 
A case was made for the optimum conditions that were, running the HTC at 180
o
C for 30 min 
which resulted in high biogas yield when the HRT was short (0.9 days). This could be the 
optimal conditions taking also into account that dewatering of the products is efficient at 
these HTC conditions in contrast with the lower temperatures. 
7.2.3 Adsorption potential of hydrochar produced 
Digestability of this specific influent (synthetic faeces), because of its original high strength 
does not meet international standard for the recycling of water (<150 mg COD/L), indicating 
further treatment was required if the option is to dispose it to the environment. 
The idea was to use the hydrochar derived from sewage sludge or faeces (synthetic material 
was tested) as an adsorbent of the residual organic compounds. 
The results demonstrated that alkali activation was essential in order to stabilise the 
performance and reach satisfactory adsorption efficiency. Specifically, KOH activation 
increased the BET specific surface area for the CAMBI char achieving COD removal of 
75.2%, while the additional HCl treatment did not improve further the performance (76.4%) 
despite the increase in surface area. In contrast, for the SF char the additional HCl activation 
was needed to ameliorate BET measurement resulting in an  increase of COD removal to 
79.3% compared to 59.6% after KOH. The highest adsorption capacity was reported for PAC 
(>90%).   
It was concluded that the nature of this adsorption reaction was presumed to be an anion 
sorption, highly depended on the pH, with higher removal at low pH values, for all the 
materials except the PAC. A pseudo-second order kinetic model correlated the results 
satisfactorily. Regarding the effect of the adsorbent dose, the isotherms correlated were of 
type II and IV suggesting a monolayer following by a multilayer adsorption, whereas the 
PAC results were following the Freundlich isotherm. However, further investigation on this 
reactions are required that could enlighten more the kinetics and the effect of dose to improve 
the practical implementation.  
 
 
 
 
148 Conclusions and recommendations 
7.3 Recommendations 
 Longer steady state periods need to be applied with the same HTC and AD 
conditions, as proposed in this thesis. HRT for the anaerobic digestion could be 0.9 
days or lower as suggested from the results. More sensitive gas detectors should be 
used in order to improve the statistical analysis of the results. From these 
experiments, the acclimatization period needed could be defined. The experimental 
time should be more than six months. 
 
 As investigation based on SEM could not explain the quantitative improvement in 
COD removal performance induced by the KOH and BET surface area measurements 
were really low, so not completely reliable, further investigation in characterisation of 
the chars produced from sewage sludge is recommended. Analysis such as Zeta 
potential could be used to monitor surface charge as a function of pH (which was an 
important parameter), although previous reviews of similar materials reported that the 
results were inconclusive. 
The type of bonding could be confirmed through a more focused analysis (e.g. using a 
specific tracors such as metal or methylene blue). 
In addition, the effect of HTC conditions in adsorption capacity of the chars could be 
investigated in order to optimise the implementation of the method. 
 
 The percentage of solids used in the synthetic material was high (10%) selected as a 
percentage easily reproducible. This resulted in a high COD load in the HTC effluent, 
of 27-97g/L total COD. As a complement to this study a representation of real 
conditions of an independent system should be considered using vacuum toilets. The 
percentage of solids entering the HTC process would be monitored, reporting the 
fluctuations. Probably this would result in lower percentage of solids, thus an AD 
effluent of COD load closer to the recycling limits.  
 
 Recovery of valuable materials - Fermentation of solids  
The liquid fraction except of the organic compounds that can be used for energy 
recovery through AD also ontains inorganics compounds that would be worth being 
recovered, such as phosphate and nitrogen. This can be achieved by electrochemical 
ion exchange.  
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In addition the solids could be used for energy or material recovery through 
fermentation. Phenol compounds could be recovered by this process or bioethanol 
could be produced. Research on this field is essential to evaluate this prospective as 
reports are limited (Manning and Lindsay, 2017). 
 
 A route to provide extra energy for the process is to co-treat organic material such as 
municipal solid waste (MSW), plant or food waste in the HTC-AD process. As these 
are considered high biodegradable materials, their use would increase the biogas 
yield during anaerobic digestion. In addition, the HHV values reported for MSW and 
food waste are higher than faeces (Berge et al., 2011), thus, co-treatment would 
increase the HHV of the final hydrochar. 
Hence, further research is recommended, to investigate the potential of energetically 
enhance the HTC-AD process and the possibility of a most effective waste-
management. 
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Figure 8.1: TIC of HTC liquid product at 200°C for 60’ 
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Figure 8.2: TIC of HTC liquid product at 180°C for 60’ 
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Figure 8.3: TIC of HTC liquid product at 140°C for 240 min 
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Figure 8.4: TIC of AD effluent from HTC at 140°C for 4 hrs  
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Figure 8.5: TIC of HTC liquid product at 180°C for 30min 
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